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FUNDAMENTAL ASPECTS OF HIGH-TEMPERATURE METALLURGICAL PROCESSING
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To enable use of copper slag and extract the maximum value from the con-
tained copper, an innovative method of reducing moderately diluted slag to
smelt copper-containing antibacterial stainless steel is proposed. This work
focused on moderate dilution of copper slag using natural gas. The thermo-
dynamics of copper slag dilution and ternary phase diagrams of the slag
system were calculated. The effects of blowing time, temperature, matte set-
tling time, and calcium oxide addition were investigated. The optimum reac-
tion conditions were identified to be blowing time of 20 min, reaction
temperature of 1250°C, settling time of 60 min, CaO addition of 4% of mass of
slag, natural gas flow rate of 80 mL/min, and outlet pressure of 0.1 MPa.
Under these conditions, the Fe3sO,4 and copper contents of the residue were

7.36% and 0.50%, respectively.

INTRODUCTION

With the ongoing development of copper smelting
technology, strongly oxidizing smelting processes
have become widely used. The copper content in
such slags is higher than that of typical ore (0.3—
0.5% Cu) and the iron grade generally exceeds 40%,
far greater than the average ore grade of 29.1%
Fe.'™® At present, copper slag is used as a building
material, for roadbeds, and in cements;*” however,
development of alternative ways of utilizing copper
slag to enable realization of its contained value
remains an important task.

Copper element in copper slags can be recovered
by dilution, including reduction dilution, beneficia-
tion dilution, and wet leaching.®'® Fire reduction
dilution is the most important way to recover copper
from matte. The reducing agents applied are usu-
ally carbonaceous; however, these materials have
low density and float readily on the melt surface,
and these properties also result in environmental
problems and reduce the utilization ratio of the
reducing agent.

Copper-containing antibacterial stainless steels
(Cu content 2.0% or 3.0%), which have a bactericidal
effect due to the copper ions, can be used as
tableware, scalpels, tap water pipes, staircase hand-
rails, etc. Natural gas is widely available as a
resource, has high calorific value, and is
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nonpolluting. The ratio of copper to iron in oxygen-
rich bottom slag is typically higher than in three
common types of copper-containing antibacterial
stainless steel. Moderate dilution is therefore
needed to reduce the copper content.

Our group has proposed a new process involving
moderate dilution and strong reduction of copper
slag to smelt copper-containing antibacterial stain-
less steel.!*'® Natural gas is first used to dilute
molten copper slag, following which the diluted
copper matte is returned to the copper smelting
process. The residue is considered to be the base
slag: according to the requirements for different
types of copper-containing antibacterial stainless
steels, an appropriate mass of matte can be added to
the residue to adjust the ratio of copper to iron. The
secondary slag resulting from the strong reduction
process is reduced to copper-containing molten iron
for smelting copper-containing antibacterial stain-
less steel. This process offers a means of using
copper slag in a higher-value application.

EXPERIMENTAL PROCEDURES
Copper Slag

The raw material used was copper slag originat-
ing from an oxygen-rich bottom-blown furnace. The
slag was ground to less than 74 um. Its typical
elemental composition (mass fraction, %) was: Tge,
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Fig. 1. Photograph and scanning electron microscopy image of copper slag.

42.47; FeO, 43.14; Fe30,4 16.05; Cu, 4.51; S, 1.55;
CaO, 0.96: SiOy, 20.82. A photograph and scanning
electron microscopy (SEM) image of the slag are
shown in Fig. 1.

There were four phases in the copper slag. The
main components were fayalite (b) and magnetic
iron oxide (c¢), while copper matte (a) and SiOy (d)
were present as inclusions. Under reducing condi-
tions, the magnetic iron oxide was reduced to
fayalite, thereby increasing the mobility of the
copper slag and facilitating deposition of matte.
Most matte particles in the slag were about 200 ym
in diameter.

Procedures

Reduction experiments were performed in a ver-
tical resistance furnace (Fig. 2). Copper slag was
placed in an alumina crucible [#48(40) x 120 mm]
and a graphite sleeve was employed to prevent
escape of slag. When the specified temperature was
reached, the temperature was held constant for
30 min, then an alumina tube was inserted below
the liquid level and natural gas was introduced. The
baseline experimental conditions were as follows:
mass of copper slag of 200 g, temperature of 1250°C,
holding time at temperature of 30 min, CH, flow
rate of 80 mL/min, inlet gas pressure of 0.1 MPa,
blowing time of 20 min, matte settling time of
30 min, and Ar atmosphere.

Dilution Basis and Equation

The copper content in slag is influenced by the
oxygen potential during the copper smelting pro-
cess. This provides the basis for the dilution:®
reducing the oxygen potential causes magnetite to
be reduced to ferrous oxide, which can improve the
fluidity of the slag and accelerate accumulation and
settling of copper matte particles. Dilution of copper
slag is therefore essentially the reverse of the copper
smelting process, involving a transition from high to
low oxygen potential.

Fact-Sage combines the FACT-Win/F*A*C*T and
ChemSage/SOLGASMIX thermochemical packages.
Fact-Sage is one of the world’s largest database
computing systems, being fully integrated in the
field of chemical thermodynamics.

Natural gas will break down above 500°C. The
reaction of copper slag dilution by natural gas
therefore also involves C and Hs. The dilution
reaction occurring in copper slag is as follows:

CHy(g) = C +2Hz(g) (1)
Fe304 + C = 3FeO + CO(g) (2)
Fes04 + %C = 3FeO + %COQ(g) (3)
Fe304 + CO(g) = 3FeO + CO3(g) (4)
Fe304 + Hy(g) = 3FeO + Hp0(g) (5)

According to the thermodynamic data in the
Electronic Supplementary Material, FesO, can be
reduced to FeO by natural gas under the experi-
mental conditions.

RESULTS AND ANALYSIS

The experimental results obtained under differ-
ent conditions are shown in Fig. 3 and discussed in
the following sections.

Influence of Blowing Time on Fe304 and Cu
Contents and Copper Recovery

Using the baseline conditions, but varying the
blowing time, the effects on the magnetite and
copper contents in the slag and the copper recovery
with time were monitored. The experimental results
are shown in Fig. 3a.

When natural gas was passed into the molten slag,
magnetite in the slag was reduced. The ternary phase
diagram (FeO-Fe304-Si0,) is shown in Fig. 4a. The
system moved from point A to point F with extension
of blowing time. The melting point of slag is known to
decrease with reduction of Fe30,4. Low melting point
means good liquidity, which is conducive to settling of
matte. With extension of blowing time, metallic iron
did not appear. Magnetite in the slag was preferen-
tially reduced, and the FeO mainly bound with SiO,
to form stable olivine. Reduction of olivine requires
more energy. At 20 min of reaction time, the contents
of Cu and Fe30y, in the slag were 0.55% and 9.12%,
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1. Heat at 10°C/min to 1200°C and then at 8°C/min from 1200°C to the reaction temperature
2. Temperature held constant with 30 min (hold time)
3

Natural gas is introduced (blowing time)

4. Temperature held constant to promote settling of the copper matte (settling time)

5. Cool at —10 °C/min
Fig. 2. Schematic of laboratory equipment.

respectively, the copper recovery was 88.05%, and
the copper content in the matte was 69.35%. When
the reduction time exceeded 20 min, metallic iron
appeared, indicating that reduction of FeO had
occurred.

The main reaction is as follows:

FeO + reducing agent = Fe + gas (6)
AG = AG’ + RTInK (7)
% P(product gas) or K — P(product gas) (8)

po P(reactant gas)

with extension of blowing time, the content of Fe30,4
gradually decreased while the content of FeO
increased. K was smaller and AG was also smaller,
which are conducive to progress of reaction 6. This
is the process that should be avoided during the
moderate dilution process. The suitable condition
for dilution was therefore concluded to be 20 min of
holding at the reaction temperature.

Influence of Temperature on Fe304 and Cu
Contents and Copper Recovery

The holding temperature was varied from 1200°C
to 1300°C while maintaining the other operating
conditions constant at their baseline values. The
experimental results are shown in Fig. 3b.

With increase of the temperature, the fluidity of
the slag improved, which enhanced agglomeration
of copper matte particles in the slag and the gas—
liquid reduction reaction. At high temperatures, it is
easy to excessively reduce the slag; however, cru-
cible erosion is also exacerbated: alumina will
penetrate the slag, which affects the slag fluidity.
Therefore, the experiments should be carried out at
suitable temperatures. Industrial discharge tem-
peratures of oxygen-rich bottom-blown slag are
generally 1232-1260°C, and the slag release tem-
perature is 1171-1193°C."® At experimental tem-
perature of 1250°C, the content of copper in the slag
was 0.55%, the Fe;O, content was 8.57%, the copper
recovery was 88.05%, and the matte grade was
69.35%. When the temperature was 1300°C, metal
appeared and the slag was excessively reduced. In
reaction 7, K < 0, and increase of the temperature
favors progression of reaction 6. The optimal dilu-
tion temperature was therefore selected as 1250°C.

Influence of Matte Settling Time on Fe304 and
Cu Contents and Copper Recovery

The settling time was varied from 30 min to
90 min, maintaining the other conditions constant.
The experimental results are shown in Fig. 3c.

With increase of the settling time, the copper
recovery increased, but when the time exceeded
60 min, the matte grade decreased significantly
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Fig. 3. Cu and Fe30,4 content and copper recovery versus (a) blowing time, (b) temperature, (c) setting time, and (d) CaO addition.
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Fig. 4. Ternary phase diagrams for (a) FeO-Fe30,4-SiO, and (b) FeO-CaO-SiO,.

because FeS (which has lower density than Cu,S)
settled into the matte. Returning low-grade copper
matte to a copper smelting process is inconvenient.
For settling time of 60 min, the Fe3O,4 content in the
slag was the lowest, viz. 8.20%. The Cu content in

the matte gradually decreased, and at 60 min, the
grade was 67.50%. The copper recovery gradually
increased, with direct copper recovery as high as
91.40%. A suitable settling time was identified as
60 min.
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According to Stokes formula:

V = 2gr*(pr—ps) /9 9)

where V is the matte droplet settling velocity (m/h),
g is gravitational acceleration (9.8 m/s?), p,, is the
matte density (5.4 x 10® kg/m®) p, is the slag den-
sity (3.419 x 10% kg/m?®), u is the viscosity of the
slag (given as 0.077-0.864 Pa s at 1220-1500°C and
as 0.366 Pa s at 1250°C), and r is the matte particle
radius (with average values of 4.5 x 107 °m to
1 x 107° m). The values of pu, ps, i, and r for the
slag and matte were determined using a melt
properties tester (RTW-10).

In this work, the particle size of the matte
particles in the slag was about 0.0045-0.001 mm
and the slag depth was 5.75 cm. The corresponding
settling time was calculated to exceed 2 days, which
can be considered as extremely difficult settling.
Larger particles are known to have a faster settling
rate. In a conventional dilution process, the diam-
eters of the matte particles in the slag are between
0.00l mm and 0.2 mm. If the particle size is
0.04 mm and the slag depth is 1 m, the settling
time will be 59 h, which is unrealistic for produc-
tion. Blowing natural gas to dilute copper slag
therefore contributes significantly to matte settling.

Influence of CaO Addition on Fe;04 and Cu
Contents and Copper Recovery

Different amounts of CaO were added to the slag
under the baseline experimental conditions, chang-
ing the settling time to 60 min. The results are
shown in Fig. 3d.

The ternary phase diagram for the FeO-CaO-SiO,
system is shown in Fig. 4b. The system moved from
point A to point D with addition of CaO; the melting
point correspondingly decreased and then increased.
CaO can decrease the surface tension of slag and
promote separation of slag and sulfide.'®*° Within a
certain range, CaO helps to enhance the liquidity and
reduce the loss of copper, but excess CaO will form
dicalcium silicate, which has high melting point.
Excessive CaO also intensifies crucible erosion. At 4%
CaO addition relative to the mass of slag, the copper
content in the slag was reduced to 0.50%, the FesO,
content in the slag was 7.36%, while the copper
content in the matte was 64.70%. The appropriate
level of CaO addition was identified as 4% by mass.

DISCUSSION

The suitable conditions identified through this
work were blowing time of 20 min, reaction temper-
ature of 1250°C, matte settling time of 60 min, CaO
addition of 4%, natural gas flow rate of 80 mL/min,
and outlet pressure of 0.1 MPa. Under these condi-
tions, the elemental composition of the slag (mass
fraction, %) was: Tge, 44.18; FeO, 51.85; Fe30y,, 7.36;
Cu, 0.50; S, 1.06; CaO0, 4.02; SiO,, 24.51.
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After dilution, the main component of the slag
was fayalite, with SiO5 and a little matte present as
inclusions; Fe304 was almost not observed. Accord-
ing to the photograph and scanning electron micro-
scopy image of the copper slag after experiments
(Supplementary Material), the residual matte par-
ticles were about 2 um in diameter, compared with
about 200 ym in the original slag, indicating that
particles with large diameter deposited into the
matte.

These results indicate that it is effective to
moderately dilute copper slag using natural gas.
According to the requirements of certain types of
copper-containing antibacterial stainless steels, an
appropriate amount of matte can be added to the
slag after dilution and the remaining matte
returned to the copper smelting process. After
treating the slag, it can be reduced to copper-
containing molten iron and used to smelt copper-
containing antibacterial stainless steel.

CONCLUSION

We propose a new process in which moderately
diluted copper slag is reduced to smelt antibacterial
stainless steel. The process of copper slag dilution
by natural gas was studied. The conclusions are as
follows:

1. Excessive natural gas and temperature can lead
to appearance of metal: the amount of natural
gas and the temperature should be controlled in
appropriate ranges. A suitable matte settling
time was identified as 60 min. Blowing natural
gas to dilute copper slag significantly improved
the rate of matte settling.

2. Within a certain range, CaO helps to enhance

liquidity, but excess CaO forms dicalcium sili-
cate that has high melting point. Appropriate
addition of CaO was 4% of the slag mass.

3. The optimum reaction conditions were blowing

time of 20 min, reaction temperature of 1250°C,
settling time of 60 min, CaO addition of 4% of
slag mass, natural gas flow rate of 80 mL/min,
and outlet pressure of 0.1 MPa. Under these
conditions, the Fe304 and Cu contents in the
residue were 7.36% and 0.50%, respectively.
After treatment of the slag, it can be further
reduced to copper and iron alloy and used to
smelt copper-containing antibacterial stainless
steel.
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