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Abstract: With increasing impurity contents in concentrates, the control of the minor elements is
an important issue for the oxygen bottom blown copper smelting process (Shuikoushan process or
SKS process). In this work, the distribution behaviors of the minor elements (such as Pb, Zn, As, Sb,
and Bi) among the matte, slag, and gas phases as a function of matte grades was investigated by
adjusting the ratios of oxygen/ore in the SKS process. With a matte grade around 70%, about 82% As
and 70% Bi enters the gas phase, and about 70% Sb and 64% Zn reports to the slag phase, while 55%
lead enters the matte phase. The tendency of changes in the distribution of the minor elements in the
SKS process is different from that in the Isasmelt process and the Flash smelting process. It may be
concluded from this study that the distributions of the minor elements could be optimized to reduce
adverse effects in the SKS process by regulating the matte grade.

Keywords: element distribution; removing impurity; oxygen bottom blown copper smelting process;
SKS process

1. Introduction

Copper is considered to be one of the important metals, and it is widely used in electronics,
machinery, construction, national defense, and other fields. China has been the largest producer of
copper for 12 years, and more than 8,440,000 tons of copper metal was produced in China in 2016.
Most copper is produced by the pyrometallurgical processes. The oxygen bottom blown copper
smelting process is a newly developed intensified smelting process, which has been widely applied
in copper production in China in the past 10 years [1,2]. This process was first industrially tested
in the Shuikoushan (SKS) smelter in 1990 and was named originally as the “SKS process”, which
is now also referred to as BBS (bottom blown smelting) or BBF (bottom blown furnace). What is
more, the SKS process has been also applied to lead [3,4] and antimony [5] productions. In China,
the first commercial oxygen bottom blown copper smelting furnace was installed and commercially
operated at Fangyuan Nonferrous Metals Co., Ltd. (Dongying, China) in 2008 with an initial design
capacity of 50,000 t/a cathode copper, which was expended to 100,000 t/a cathode copper in 2010.
Then the technology came into a rapid development stage, and has since been successfully applied in
Hengbang Smelter (Yantai, China), Huading Smelter (NeiMonggol, China), Yuguang Smelter (Jiyuan,
China), Zhongyuan Gold Smelter (Sanmenxia, China), Minmetals Copper Smelter (Hengyang, China),
etc. The typical SKS processes conducted in China are shown in Figure 1. Currently, the process
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is also employed in Chile, Peru, Vietnam, Mongolia, and Russia. With the development of bottom
blown technology, the oxygen-enriched bottom blowing copper continuous converting process has
been developed and commercially applied in Dongying Fangyuan II Smelter [6] and Henan Yuguang
Smelter, respectively [7], and the process schematic diagram is shown in Figure 2. The design capacity
of the Dongying Fangyuan II Smelter deals with 1,500,000 tons of copper concentrates per year,
representing the biggest oxygen bottom blown copper continuous converting plant in China.
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Figure 1. Four typical SKS (Shuikoushan) processes in China.
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Figure 2. Schematic diagram of SKS smelting and converting process: (a) Fangyuan continuous
converting process; (b) Yuguang continuous converting process.

As the SKS process has being widely applied, fundamental research related to the SKS process
is required urgently. Chen et al. [8] studied the slag chemistry of the bottom blown copper smelting
furnace at Dongying Fangyuan, and analyzed the copper losses in the industrial smelting slags.
Shui et al. [9,10] studied the bath surface wave and mixing phenomena in the bottom blown copper
smelting furnace, and provided a better understanding of the blowing patterns. Liu et al. [11,12]
studied the phase equilibria of the ZnO-“FeO”-5iO; system and ZnO-“FeO”-5i0;-Al,O3 system at Pop
1078 atm (1073 Pa), which is close to the SKS smelting condition, and found that the presence of ZnO
or Al O3 in the slag significantly increased the liquidus temperature. Zhang et al. [13] analyzed the
gas-liquid multi-phase flows in an SKS furnace to optimize the oxygen tuyere structure parameters
in the CFD (Computational Fluid Dynamics) method. Yan et al. [14] studied the influences of lance
arrangements on the SKS process, and found the optimal lance inclination angle and spacing distance.
Guo et al. [15,16] studied the mechanism, multiphase interface behavior, and optimization of the
SKS process.
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The SKS smelting furnace, which is key to the SKS process, is a horizontal cylindrical reactor
similar to the Noranda furnace or the Teniente furnace [1]. However, they still exhibit some differences
in furnace structure, process characteristics, and operation parameters. These differences lead to
different distributions of oxygen partial pressure in the furnace, and further affect the degree of
deviation from equilibrium in different smelting furnaces. Therefore, the distribution behaviors of
impurity elements in different smelting furnaces are also different.

However, with increasing impurity contents in the concentrates, the controls of minor elements
are important issues for all copper smelters. To date, no work on the distribution of the minor elements
in the SKS process has been reported. In this work, the distribution behaviors of the minor elements
(such as Pb, Zn, As, Sb, and Bi) among the matte, slag, and gas phases as a function of matte grades
in the SKS process is investigated. This work is part of a comprehensive research program to gain
a deeper understanding of this new technology.

2. Method

2.1. Research Methodology

The study of the distributions of the minor elements in the SKS process was carried out by the
SKSSIM simulation software (version 1.0, Central South University, Changsha, China) [1,17], combined
with actual production data from Dongying Fangyuan Nonferrous Metals Co., Ltd. (Dongying, China).

SKSSIM is an efficient simulation software for the SKS process [17], which is based on the SKS
smelting mechanism and the theory of Gibbs free energy minimization. SKSSIM has been successfully
used in the actual production in Dongying Fangyuan Nonferrous Metals Co., Ltd. (Dongying, China)
and Minmetals Copper (Hunan) Co., Ltd. (Hengyang, China). Therefore, SKSSIM is a convenient way
to study the effects of process variables on the distributions of the minor elements. In the present study,
the calculations were carried out to study the effects of matte grades on the distribution of the minor
elements by adjusting the ratios of oxygen/ore using SKSSIM software. The chemical components in
the matte, slag, and gas phases are listed in Table 1.

Table 1. Chemical components in the SKS (Shuikoushan) copper smelting process.

Phases Chemical Components
Gas 502, 503, 52, Oz, N2, HQO, PbO, PbS, Zl’l, ZnS, ASZ, ASO, ASS,
SbO, SbSs, BiS

FeO, CuZS, Cu2O, Fe3O4, FeS, PbO, ZDO, ASQ_O3, Sb203, BizO3,
SiOZ, CaO, MgO, A1203
Matte Cuy,S, Cu, FeS, FeO, Fe30Qy, Pb, PbS, ZnS, As, Sb, Bi

Slag

The SKS system is approximated under isothermal and isobaric airtight conditions. The smelting
temperature used in the calculation is fixed at 1473 K (1200°C). The activity coefficient of each
component is selected from the literature [18-21] and listed in Table 2, which are crucial in the
SKS process multiphase equilibrium calculation. The standard Gibbs free energy of each component
formation is listed in Table 3 [18-21].
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Table 2. Activity coefficient in the SKS process.

Components Phase Activity Coefficient
CupS Matte 1
FeS Matte 0925/ (Ney,s + 1)
Cu Matte 14
FeO Matte exp [5,1 +6.2(InNCys) + 6.41(InNey,s)? + 2.8(InNey,s )3]
Fe30, Matte exp [4.96 +9.9(InNcy,s) + 743(InNcy,s)* + 2.55(lnNCu25)3]
Pb Matte 23
PbS Matte exp[—2.716 4 2441/T + (0.815 — 3610/T) (80 — [Pct - Cu] ) /100]
ZnS Matte exp[—2.054 + 6917 /T — (1,522 — 1032/T) (80 — [Pct - Cul,,) /100]
As Matte 8.087 — 0.128[Pct - Cu],,, + 0.014[Pct - Cu],.,, x Ig[Pet - Cu],,
Sb Matte —0.996 +2.42[Pct- Cu],,, — 1.26[Pct - Cu],,,, x 1g[Pct - Cu],,
Bi Matte 10(1900/T70.464)
FeO Slag 1.42Npe0 — 0.044
5i0, Slag 2.1
Fe;04 Slag 0.69 + 56.8NFe,0, + 5.45Ngi0,
CuZO Slag 57~14NCu20
FeS Slag 70
Cu,S Slag exp(2.46 4 6.22Ncy,s)
PbO Slag exp(—3330/T)
ZnO Slag exp(920/T)
AsyO3 Slag 3.838¢xp(1523/T) x Po,0158
Sb,O3 Slag exp(1055.66/T)
Biy O3 Slag exp(—1055.66/T)

Table 3. Standard Gibbs free energy (J-mol~!) of the formation of each component.

Components State A,-]- Bii
Cu,S liquid —145,349 43.06
FeS liquid —135,556 43.06
PbS liquid —151,881 79.67
ZnS solid —391,434 203.08
Cu,O liquid —137,139 54.25
FeO liquid —259,244 62.38
Fe;0,4 solid —1,097,693.74 305.93
Asy,O3 liquid —1,215,325.18 457.37
Sb,O3 liquid —687,438 237.86
Bi, O3 liquid —563,470 257.66
PbO liquid —196,818 79.15
Zn0O solid —475,260 208.63
SiO, liquid —912,677 180.92
SO3 gas —459,543 165.15
SO, gas —361,500 72.49
Asy gas —415,418 113.24
AsS gas —184,465 45.88
AsO gas —257,759 46.12
SbO gas —126,601 —60.35
SbS gas 103,194 —59.91
BiS gas —0.057 96.74
PbO gas 60,860 —54.39
PbS gas 57,812 —53.83
/nS gas 13,200 32.15

2.2. Verification of SKSSIM

The industrial data on compositions of the mixed concentrates and operation parameters under
stable operation conditions were taken from Dongying Fangyuan Nonferrous Metals Co., Ltd.
(Dongying, China), and are listed in Tables 4 and 5.
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Table 4. Composition of the mixed concentrate in the furnace.

Component Cu Fe S Pb Zn As Sb Bi SiO, MgO CaO Al,O3 Others
Composition (wt %) 244 268 286 096 19 037 0.10 0.10 6.4 1.9 24 2.3 3.9

Table 5. Industrial operation parameters in the SKS process.

Operation Parameters SKS Plant Data
Charging speed of dry mixed concentrates (t/h) 66
Water percent in the mixed concentrates (%) 10.21
Charging speed of flux (t/h) 5.277
Smelting temperature (K) 1473
Negative pressure in furnace (Pa) 50-200
Volume of pure oxygen (Nm?3/h) 10,885
Volume of air (Nm?/h) 5651
Volume of O, in oxygen-enriched air (%) 73
Matte grade (%) 70
Oxygen efficiency (%) 99

The industrial data of matte and slag compositions as compared with the calculated data by
SKSSIM are shown in Table 6. The distribution ratios of the minor elements (such as Pb, Zn, As, Sb,
and Bi) among the matte, slag, and gas phase are listed in Table 7.

Table 6. Comparison of calculated data with actual plant data of matte and slag compositions in the

SKS process.
Compositions (wt %) Cu Fe S Pb Zn As Sb Bi SiO,
Plant d matte 7077 552 2022 173 107 007 004 006 051
ant data slag 316 4258 086 043 219 008 013 002 2524
tte 7031 4. 20. 1. 102 007 004 O 82
This Work matte  70.3 80 2038 1.69 02 007 004 006 08

slag 293 4207 073 0.37 2.08 0.07 0.12 0.02 2518

Table 7. Comparison of calculations with actual plant data of the minor elements distributions in the

SKS process.

Plant Data (%) This Work (%)
As Sb Bi Pb Zn As Sb Bi Pb Zn

Matte 591 1231 1910 5561 1776 623 1258 1874 56.71 17.35
Slag 12.08 71.05 1140 2491 6486 11.06 7230 11.13 2347 66.46
Gas 82.01 16.64 6950 1948 1738 8271 1512 70.136 19.82 16.19

Phases

The above comparisons show that the agreements between SKSSIM calculated data and industrial
data are excellent. Consequently, the reliability of the SKSSIM software is validated. It thus has
important practical application values, and can be used to predict the element distribution trends.

2.3. Calculation Process

In this work, by adjusting the blow rate of pure oxygen and air in Table 5, the blow rate of total
oxygen (including pure oxygen and oxygen in air) could change from 6067 Nm?/h to 12,807 Nm?3/h,
and the volume fraction of O, in oxygen-enriched air was fixed at 73%. Finally, the smelting result
would be that the matte grade changes from 42.57% to 76.36%. In the calculation, the composition of
the mixed concentrates in the furnace was fixed.
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3. Results and Discussion

In the present study, the elements lead, zinc, arsenic, antimony, and bismuth are discussed.
The distributions of the minor elements in the SKS process are compared with the Isasmelt process [22]
and the Flash smelting process [23].

3.1. Distribution of Lead (Pb)

Lead is of hygiene and environmental concern, and also affects the cathode copper quality.
The distribution of lead in the SKS process is given in Figure 3, which is different from that in the
Isasmelt process and Flash smelting process. In normal plant operational conditions of the SKS process,
the lead partitioning among off-gases, slag, and matte is 19.48%, 24.91%, and 55.61%, respectively, as
listed in Table 7. The calculated results are 19.82%, 23.47%, and 56.71%, which are very close to the
plant data. In the SKS process, lead enters the slag phase mostly in the form of PbO. As the matte
grade increases, the proportion of PbO in slag becomes larger, whereas the proportions in both off-gas
and matte decrease. When the process deals with copper concentrates with high lead contents, lead
can be removed by iron silica slags by increasing the matte grade or the amount of oxygen blown into
the furnace.

100

B (o) o)
(=) S (=)

Pb Distribution (%)

[
(=]

0

44 48 52 56 60 64 68 72 76
wt pct Cu in matte

Figure 3. Lead (Pb) distribution in the SKS smelting process.

Besides thermodynamic factors, a great deal of other factors may affect the distribution of minor
elements. As shown in Figure 3, with a low matte grade in the Flash smelting process, a large
proportion of lead enters into gas phase, which is different from that in the SKS process or Isasmelt
process. However, the distribution proportion in matte, slag, and gas phases in the SKS process is
similar to that in the Isasmelt process, perhaps because they both belong to the bath smelting process.
Different processes have distinctive process characteristics and operation parameters, therefore, they
have different minor elements distribution behaviors.

3.2. Distribution of Zinc (Zn)

Zinc is an associated element in copper sulfide minerals. The distribution of zinc among the gas,
slag, and matte phases with the matte grade is presented in Figure 4. With a matte grade of 70%,
most (around 64%) of the zinc reports to the slag in the form of ZnO. As the matte grade increases,
the ZnO in slag becomes larger, similar to lead. However, the presence of ZnO in the copper smelting
slag significantly increases the liquidus temperature in the spinel primary phase field, which further
increases the slag viscosity and results in high copper losses to slag. It is difficult to recover the zinc in
slag. Only a small proportion of zinc in dust can be recovered through the hydrometallurgical method.
Based on the above reasons, the content of zinc in the copper concentrates should be restricted.
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Figure 4. Zinc (Zn) distribution in the SKS smelting process.

3.3. Distribution of Arsenic (As)

As,0O3 is a toxic substance that can cause severe environmental pollutions and serious harm
to people’s health. With more restrictive environment protection regulations, the industry interest
is growing in the deportment of arsenic between various phases during the processing of copper
concentrates. Figure 5 presents the variation of the calculated equilibrium distribution of arsenic
among gas, slag, and matte phases as a function of matte grade. In the SKS smelting process, more
than 80% of arsenic reports to the gas [24]. Its distribution among slag and matte is around 12% and
6%, respectively. Concentrating the arsenic to the gas phase is a feature of the SKS smelting process,
while the Flash smelter does just the opposite, and more arsenic enters the slag. The reason for this is
that the oxygen potential distributions in SKS and Flash smelting furnaces are different. This point
has been explained in our previous studies [1]. With the increase of the matte grades, the proportion
of arsenic reporting to the matte phase also increases. Therefore, a high matte grade is not beneficial
to the removal of arsenic. When dealing with complex copper concentrates of high arsenic contents,
the matte grade should be reduced appropriately.

100
Present study by SKSSIM gas
€ Industrial data of SKS process L <

. 80F A SKS process by Qu et al* -
S —-—- Isasmelt process® P
= - - —Flash smelting process® ~ _ -~
£ 60
3
)
=}
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A 40
w)
<

20

wt pct Cu in matte

Figure 5. Arsenic (As) distribution in the SKS smelting process.

3.4. Distribution of Antimony (Sb)

The distribution of antimony is given in Figure 6. The variation trends of antimony distribution
among gas, slag, and matte is not obvious with matte grades. Around 70% of antimony reports to
the slag. Thus, it is difficult to remove antimony from matte only by adjusting the matte grade in the
SKS smelting process. However, antimony can affect the physical properties of anode copper and the
performance of electrolysis. So, the method of reducing the effect of antimony on copper production is
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to limit the content of antimony in mixed copper concentrates before feeding into the SKS furnace by
blending with raw material.

100
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Figure 6. Antimony (Sb) distribution in the SKS smelting process.

3.5. Distribution of Bismuth (Bi)

The calculated distributions of bismuth are given in Figure 7 and match the industrial data well.
Under normal operational conditions and with a matte grade of 70%, most bismuth reports to the gas
phase, which is similar to arsenic. The proportion of bismuth reporting to the matte phase increases
with the increase of matte grades, which is also similar to the variation trend of arsenic. Bismuth can
increase the brittleness of anode copper and reduce its ductility, which leads to the formation of cracks

in the anode copper during casting and the electrolytic process. Thus, when dealing with copper
concentrates with high bismuth contents, the matte grade should be reduced.

100
Present study by SKSSIM
Industrial data of SKS process
80k 4 SKS process by Qu et al*

—-—-- |Isasmelt process n
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Figure 7. Bismuth (Bi) distribution in the SKS smelting process.

3.6. Comparison of Minor Elements Distribution

The distribution proportions of minor elements in gas, slag, and matte phases are given in
Figures 8-10, respectively. Most arsenic and bismuth enter the gas phase when the matte grade is
below 65%, so arsenic and bismuth could be eliminated from the SKS smelting system by a low matte
grade operation. However, with a low matte grade, most lead and zinc would report to the matte
phase, which increases the load of removal of impurities in the converting and refining processes.
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Therefore, according to the content of impurity elements in concentrates, an optimal matte grade

should be chosen.

Figure 10. Minor elements distribution in matte calculated by SKSSIM.

4. Conclusions

Figure 8.
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Minor elements distribution in gas calculated by SKSSIM.
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Figure 9. Minor elements distribution in slag calculated by SKSSIM.
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Impurities (from the ores) significantly affect the performance of copper smelting processes, and
the control of minor elements is an important issue for the SKS process. Under the present operation
conditions of the SKS process, the minor elements (such as Pb, Zn, As, Sb, and Bi) have different
distribution behaviors among the matte, slag, and gas phases. Around 82% As and 70% Bi enters the
gas phase. About 70% Sb and 64% Zn reports to the slag phase. Finally, 55% lead enters the matte
phase. Based on the mechanism characteristics of the SKS process, the changing tendencies in the
distribution of minor elements as a function of matte grade in the SKS process is different from that in
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the Isasmelt process and Flash smelting process. Therefore, dealing with complex copper concentrates
with high contents of element impurities, an optimal matte grade should be chosen to regulate the
distribution of the minor elements and reduce adverse effects on the SKS process.
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