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Preface

This book features selected papers presented at the 9th International Symposium on
High-Temperature Metallurgical Processing organized in conjunction with the TMS
2018 Annual Meeting & Exhibition in Phoenix, Arizona, USA. More than 125
abstracts were submitted. Among them, 74 were selected for oral presentation and
45 were provided with a poster presentation opportunity. After reviewing the 86
submitted manuscripts, 83 of them were accepted for publication on this book.

As the title of symposium suggests, the interests of the symposium is on thermal
processing of minerals, metals, and materials that intends to promote physical and
chemical transformations of materials to enable the extraction and production of
valuable materials such as metals, alloys, ceramics, and compounds.

The symposium was open to participants from both industry and academia and
focused on innovative high-temperature technologies including those based on
nontraditional heating methods as well as their environmental aspects such as
handling and treatment of emission gases and by-products. Because
high-temperature processes require high energy input to sustain the temperature at
which the processes take place, the symposium addressed the needs for sustainable
technologies with reduced energy consumption and reduced emission of pollutants.
The symposium also welcomed contributions on thermodynamics and kinetics of
chemical reactions and phase transformations that take place at elevated
temperatures.

We hope the book will serve as a reference for both new and current metal-
lurgists, particularly those who are actively engaged in exploring innovative tech-
nologies and routes that lead to more energy efficient and environmental sustainable
solutions.
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There could not be this book without contributions from the authors of included
papers, time and effort that reviewers dedicated to the manuscripts, and help from
the publisher. We thank them all! We also want to thank Mr. Mingjun Rao and
Mrs. Feng Chen for their assistance in collating the submitted abstracts and
manuscripts.
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Simplified Process for Making Anode
Copper

Zhi Wang, Haibin Wang, Xueyi Guo, Zhixiang Cui and Baojun Zhao

Abstract In conventional copper production, anode copper is produced from
concentrate in three furnaces in a process that entails four oxidation steps and one
reduction step. Three types of slags are produced that require further treatment to
recover copper. Dongying Fangyuan Nonferrous Metals recently developed a
simplified process which requires only two custom-designed furnaces instead of the
conventional smelting, converting and refining furnaces. The first furnace contin-
uously produces high-grade matte (>75 wt% Cu) that contains little iron (<2 wt%
Fe). The liquid matte is continuously fed to the second furnace, which produces
anode copper. The new process significantly reduces the capital and operating costs
and increases productivity and environmental sustainability. This paper presents
fundamental concepts that enable the simplified process to be developed. The
detailed operations in Dongying Fangyuan Nonferrous Metals are also described.

Keywords Anode copper � Two-step production � Fundamental concepts
Refining

Introduction

Copper is most commonly present in the earth’s crust as sulfide minerals. Anode
copper (>99% Cu) is conventionally produced through smelting, converting and fire
refining processes [1]. Copper producers have long sought a shorter and more
efficient way to produce anode copper from sulfide minerals. Direct-to-blister
processes have been accomplished in several smelters using flash furnaces [2–4]. In
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this process smelting and converting are combined into one continuous process as
they both have the same oxidation reactions. However, these processes are
restricted to the concentrates with a low iron content to control the slag volume, and
efficient recovery of copper from the slag remains a challenge.

In 2008, Dongying Fangyuan Nonferrous Metals (Fangyuan) started the first
commercial scale bottom-blown oxygen copper smelting furnace, which represents
the first modern copper smelting technology developed in China. The technology
has a number of advantages: low off-gas and slag volumes, high grade matte
produced with low copper content (2–3 wt%) in the slag, low temperature operation
to avoid carbon-based fuels and increased furnace campaign life [5–8]. In 2015,
Dongying Fangyuan Nonferrous Metals took a further step by developing a new
anode copper production process [9]. The new technology combines smelting,
converting and fire refining into a two-step process that can treat any copper
concentrate. The new process includes one “Smelting Furnace” and two
“Converting Furnaces’. The “Smelting Furnace” continuously produces high-grade
matte (>75% Cu) that is sent directly through launder to the “Converting Furnaces”.
In the converting furnaces, the liquid matte is continuously treated through con-
verting and refining steps to produce anode copper for casting and electrorefining.
This paper presents the fundamental concepts that enable the new process to be
developed as well as a brief description of the Dongying Fangyuan Nonferrous
Metals operations.

Fundamental Concepts to Support Two-Step Process

Conventional pyrometallurgical smelting processes require five steps (four oxidation
and one reduction) in three furnaces to produce anode copper from concentrate [1]:

Smelting furnace:
(1) concentrate (20–30% Cu) + O2 ! matte (50–70% Cu) + smelting slag + SO2

Converting furnace:
(2) matte (50−70% Cu) + O2 ! white metal (Cu2S) + converting slag + SO2

(3) white metal (Cu2S) + O2 ! blister copper (99% Cu) + SO2

Refining furnace:
(4) blister copper (99% Cu) + O2 ! low-S copper + refining slag
(5) low-S copper + reductant ! anode copper (99.5% Cu).

The direct-to-blister effects the first three steps in a continuous process in a
single furnace. All of the iron contained in the concentrate is oxidised to form a
single slag phase that contains 10–30 wt% Cu [1]. The iron content of the
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concentrate is necessarily limited in order to obtain a high direct recovery rate.
Consequently, the direct-to-blister process cannot accept many copper concentrates.

In the new process at Fangyuan, anode copper is produced in just three steps and
two furnaces:

“Smelting Furnace”:
(i) concentrate (20–30% Cu) + O2 ! sub-white metal (>75% Cu) + smelting

slag + SO2

“Converting Furnace”:
(ii) sub-white metal (>75% Cu) + O2 ! low-S copper + converting slag + SO2

(iii) low-S copper + reductant ! anode copper (99.5% Cu).

The initial step in the Fangyuan process is to produce “sub-white metal” which
contains only 1–2% Fe. A unique feature of the bottom-blown furnace is that it
enables low-SiO2 slag to be used with low-Cu in the slag. Therefore, slag volume is
controlled even though most of iron is oxidised and reported to the slag. Because
the “sub-white metal” brings little iron into the “Converting Furnace” the resulting
slag volume is limited. After “low-S copper” is produced in the “Converting
Furnace”, the slag is removed and the reduction process is initiated to reduce the
oxygen content in the melt.

The “Smelting Furnace” and “Converting Furnace” in Fangyuan process differ
from those in the conventional process. Some oxidation reactions are combined and
fire refining furnace is combined with the converting furnace. The major difference
between the new process and conventional process is the converting and refining
reactions. Thermodynamic calculations have been performed to examine the phase
changes and copper compositions in the process.

The matte composition shown in Table 1 was used for the calculations by
FactSage 7.1 and the databases “FactPS”, “FToxide” and “FTmisc” were applied
[10]. An operating temperature of 1200 °C and a basis of 100 g of matte were
assumed. Figures 1, 2 and 3 show three cases where (1) no flux is added, (2) SiO2 is
used as flux, and CaO is used as flux.

As indicated in Fig. 1a, as oxidation progresses, matte mass decreases and white
metal (Cu2S) mass increases. Solid magnetite and SO2 form at the beginning of the
process. After all of the iron in the matte is oxidised, the solid magnetite reaches its
maximum and remains constant. Further oxidation produces metallic copper and the
amount of white metal starts to decrease. All of the white metal is oxidised to
copper and SO2 reaches maximum after 20 g oxygen is added. More oxygen reacts
with Cu to form Cu2O, which will react with magnetite to form liquid slag.

In this process, a layer of solid magnetite is always covered on the top of the bath
before liquid slag is formed. This dense solid layer significantly increases the

Table 1 Matte composition
for the reactions in
“Converting furnace” (wt%)

Cu Fe S Pb Zn As

75.0 3.0 20.0 1.0 1.0 0.5
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pressure where the bottom lances faced inside the bath. The high pressure in the
bottom of the bath may cause the lances to be blocked and damage by the melt. It is
therefore important to use flux to absorb the solid magnetite to form liquid slag
from the beginning. Figure 1b shows the impurities in metallic copper during the
oxidation progress. Copper starts to form when 5.5 g O2 is added into 100 g matte.

a. Phase changes in oxidation progress b. Impurities in Cu in oxidation progress

Fig. 1 Reactions and copper compositions in the “Converting furnace” at 1200 °C, 100 g matte
with the composition given in Table 1, no flux

a. Phase changes in oxidation progress b. Impurities in Cu in oxidation progress

Fig. 2 Reactions and copper compositions in the “Converting furnace” at 1200 °C, 100 g matte
with the composition given in Table 1, 3 g SiO2 flux

a. Phase changes in oxidation progress b. Impurities in Cu in oxidation progress

Fig. 3 Reactions and copper compositions in the “Converting furnace” at 1200 °C, 100 g matte
with the composition given in Table 1, 2 g CaO flux
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At the beginning, the arsenic, lead, and sulphur concentrations are relatively high in
copper and oxygen is only 0.2 wt%. With increasing oxygen, the arsenic, lead, and
sulfur concentrations in melt decrease gradually and oxygen in copper remains
almost the same. When 21.5 g oxygen is added, the arsenic, lead, and sulfur
concentrations are reduced to 0.6, 0.2 and 1.1 wt% respectively. However, oxygen
in the Cu is increased to 0.3 wt%. Consideration of the information provided in
Fig. 1a, b indicates the end-point of the oxidation and removal of the slag.
However, the end-point of the oxidation varies in different smelters. To minimise
the copper loss in the slag, oxidation can be terminated at 23 wt% oxygen, at the
point where the solid magnetite has disappeared and a small amount of liquid slag is
formed, and the lead, oxygen and sulphur concentrations in the copper are 0.17, 0.9
and 0.04 wt% respectively. More oxygen will be required if it is important to further
lower the lead and sulphur concentrations in the copper. But copper loss in the slag
and oxygen in the copper will increase significantly.

The oxidation process is slightly different when 3 g of SiO2 is added as flux to
100 g matte. The graph in Fig. 2a shows that liquid slag forms immediately when
the iron is oxidised. There is no solid oxide on the top of the bath. As the silicate
slag absorbs lead oxide (PbO), the lead and oxygen concentrations in the copper is
much lower. For example, 21.5 g oxygen addition results in the concentrations of
arsenic, lead, and sulfur in Cu to be 0.6, 0.4 and 0.16 wt% respectively. The sulfur
content of the copper is slightly higher due to lower oxygen in the Cu (0.2 wt%).

Calcium ferrite slag has been used in continuous converting processes due to its
comparatively low viscosity and high magnetite capacity [1, 11]. Figure 3 shows
the oxidation progress when 2 g CaO is added as flux to 100 g matte. The plot in
Fig. 3a indicates that liquid slag forms immediately when the iron is oxidised. The
slag contains approximately 10 wt% solid oxide but the apparent viscosity of the
slag is still low. The slag volume increases when Cu2O is formed. Calcium ferrite
slag has different impacts on the copper quality. For example, Fig. 3b shows that
21.5 g oxygen addition results in the concentrations of arsenic, lead, and sulfur in
the copper to be 0.6, 0.7 and 0.6 wt% respectively. Further increase of oxygen to 24
wt% decreases the concentrations of arsenic, lead, and sulphur to 0.3, 0.1 and 0.04
wt% respectively. However, oxygen in the copper will be increased to 2.5 wt%,
which will require more reductant in the next step.

In addition to the oxygen and flux, temperature can also influence the impurity
content of the copper metal. Figure 4 shows the concentrations of oxygen and
sulphur as a function of temperature. After oxidation refining at 1300 °C, the
copper contains 1.1 wt% oxygen and 0.1 wt% sulphur. After removal of the slag, if
the temperature is decreased to 1140 °C, the concentrations of oxygen and sulphur
in the copper will be reduced to 0.6 and 0.03 wt% respectively. This change
indicates that, if strong stirring is provided, the oxygen and sulphur in molten
copper can be significantly reduced by lowering the temperature.
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Description of Two-Step Operation for Anode Copper
Production at Fangyuan

Two-step process at Fangyuan includes one “Smelting Furnace” and two
“Converting Furnaces” as shown in Fig. 5. The size of the “smelting furnace” is U
5.5 � 28.8 m equipped with 23 oxygen lances in two rows. Two slag tapholes are
located on the end wall of the “Smelting Furnace” to match the slag tapping rate
and transportation of the ladles. Two “Converting Furnaces” are required to treat
the liquid matte produced from the “Smelting Furnace”. The size of the “Converting
Furnace” is U 4.8 � 23 m and 17 lances are arranged in two rows to provide
different gases. The outer layer is usually used for nitrogen and natural gas while the
inner one is used for oxygen and air. The flowrates and ratios of these gases can be
accurately controlled through a computer system.

Fig. 4 Concentrations of
oxygen and sulphur as a
function of temperature

Fig. 5 New anode copper process at Fangyuan, (1) “smelting”, (2) “converting”, (3) casting [9]
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