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Abstract: In order to maximize the utilization value of copper slag, a process of smelting copper—iron
alloy with copper slag is proposed here. The reduction kinetics of copper slag by H, are studied in
this paper. The main phases of the copper slag were Fe;SiO4 and Fe304. The suitable conditions of
reduction were a temperature of 1373.15 K, a H partial pressure of 40%, and a calcium oxide addition
amount of 30%. In these conditions, the metal reduction ratio was 85.12%. The copper slag, after
reduction, was heated to 1773.15 K for 4 h. The content of iron in the metal was 85.11%, and the copper
content was 10.40%. According to the unreacted nuclear model, the reduction process of copper slag
is controlled by internal diffusion and chemical reaction. With the increase of the reduction ratio,
internal diffusion is the main influencing factor. The activation energy of H; reduction copper slag is
29.107~36.082 kJ /mol, which decreases gradually with the H, partial pressure’s increase. The metal
obtained by copper slag reduction contains a certain amount of sulfur, and a desulfurization process
is required before it is used.

Keywords: copper slag; Hy; kinetics; unreacted nuclear model

1. Introduction

In total, 1 metric ton of copper will generate 2 to 2.5 metric tons of copper slag, and a
large amount of copper slag is produced in the world every year [1,2]. In 2020, the world’s
copper production was about 23.55 million metric tons, and its copper slag production
was more than 50 million metric tons. A large amount of copper slag creates economic,
environmental and space problems; therefore, the government of China introduced policies
to reduce copper slag emissions and enhance copper slag utilization [3].

Copper smelting slag contains a lot of valuable metal elements, more than 40% iron
and 0.3% copper after dilution, which are close to or higher than the mining grade of
industrial copper mines [4-9]. Some researchers have studied the recovery of copper or
iron from copper slag. Nagasue et al. obtained iron ore that could be used for ironmaking
from copper slag [10]. Reddv et al. used a two-step reduction method to limit the reduction
of FeO, and the recovery ratio of metallic copper reached more than 85% [11]. Heo et al.
investigated the effect of CaO addition on the reduction behavior of FeO, and the Fe
recovery was the highest at about 90 wt.% [12]. Zhang et al. used a gas reductant to reduce
copper slag, and analyzed the effect of different gas compositions on reduction [13]. Busolic
et al. investigated the feasibility of Fe recovery from copper flash slag at 1723 K by adding
excess coke [14]. They obtained Fe-Cu alloys, but they wanted to reduce the Cu content
and only obtain iron. Zhang et al. used carbonaceous reductant to reduce copper slag and
did a kinetic study [15]. The Fe grade reached 91.55%, and the Fe recovery ratio was 98.13%.
Zuo et al. analyzed the migration behavior and trend of elements during the reduction of
copper slag [16]. Zhang et al. used hydrogen to study the oxide system of iron and copper,
analyzed the kinetics of gas—solid reduction, and obtained the general law of reduction of
iron and copper oxides [17].
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Few studies have focused on the simultaneous extraction of copper and iron from
copper smelting slag. Recycling a certain metal or preparing building materials alone
greatly reduces the comprehensive utilization value of copper slag, which affects the
utilization of copper slag. The separation of copper and iron is difficult, but copper-iron
alloys also can be used as raw materials for preparing copper—iron-based alloys, such
as copper-containing antibacterial stainless steel, weathering steel and copper-containing
high-chromium wear-resistant cast iron. At present, most of the recovery of copper and iron
from copper slag is reduced by carbonaceous reducing agents, which introduces carbon
into copper-iron alloys, and decarbonization is needed before its utilization. The process is
long and the cost is high.

With the severe global warming and carbon emission restrictions, the research on
hydrogen metallurgy continues to deepen. Hydrogen metallurgy can reduce carbon dioxide
emissions, in addition to the generated water [18]. In this paper, H, was used as the
reducing agent to smelt copper-containing molten iron, which not only reduced CO,
emissions but also avoided the decarburization process after the reduction. The reduction
kinetics of copper slag by Hy were studied. Kinetic research is an effective means to
determine the suitable conditions for the reaction. The research on the kinetics of hydrogen
reduction process can find the limiting link of hydrogen reduction of copper slag, and can
determine the priority conditions for the improvement of the metal yield, which has guiding
significance for the research of hydrogen reduction of copper slag.

2. Experiment
2.1. Raw Material

Copper slag is obtained from oxygen-rich bottom-blown smelting furnace, in which
the copper and iron content is high. The composition of copper slag is shown in Table 1.
The phase analysis results are shown in Figure 1. The morphological analysis is shown
in Figure 2. It can be seen that the iron content is 44.73 wt.% and the copper content is
4.48 wt.%. The copper slag also contains a certain amount of valuable metal elements such
as zinc and lead. The high sulfur content indicates that copper is mostly present in the
form of matte in the slag. The main phase of copper slag is FesO4 and Fe,SiO4. Under the
assumption that iron exists only in oxides and simple substances, it can be calculated that
the slag contains 52.86% Fe;SiO4 and 20.14% Fe3Oy.

Table 1. Element analysis results of copper slag (wt. %).

Tre FeO Mg, Cu Zn Pb S CaO SiO,
44.73 37.31 1.13 4.48 2.54 0.29 1.38 0.96 23.98
. * —FezsiO A
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Figure 1. XRD analysis of copper slag.
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Figure 2. SEM analysis of copper slag.

It can be seen from Figure 2 that iron is mainly present in the form of Fe3O4 and
Fe,Si0y4, and copper is present in the form of matte. The fayalite phase Fe,;SiO, in copper
slag is difficult to reduce by hydrogen. CaO needs to be added to promote the decomposi-
tion of Fe;S5i04 and the dissociation of FeO, which can be more easily reduced by hydrogen.

2.2. Experimental Equipment

The experimental reaction equipment was a RTW-10 high-temperature melt physical
property analyzer, and its structural schematic diagram is shown in Figure 3. The size of the
corundum furnace tube was inner diameter, 51 mm; outer diameter, ®60 mm; and length,
1000 mm.

— &

Figure 3. Schematic diagram of the experimental system. 1—H,, 2—gas flowmeter, 3—Ar, 4—gas
mass flowmeter, 5—Resistance furnace.

In this experiment, H, was injected from the bottom of the furnace. The corundum
crucible was drilled to ensure that the H, passes and reacts with the material. The size of
the corundum crucible was 40 mm in its outer diameter and 36 mm in its inner diameter.

The thermogravimetric analysis method was used in the experiment. By continuously
measuring the change of the sample mass with the reaction time, the reduction ratio was
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calculated. The measurement of the weight change in the sample during the experiment
was performed on an electronic balance and a connected data output system.
The reduction ratio of copper slag can be expressed as:

fo Wo Wi _ AW
T AW, AW

)

where W) is the initial weight of the sample, g; W; is the weight of the sample when the
reduction time is ¢, g; AW is the theoretical weight loss of the sample (when the sample is
complete reduced), in g.

The reduction of the metals in copper slag is the reduction of iron and copper, which are
present in the form of oxides and sulfides, respectively. The weight loss of the sample during
reduction is the weight loss of oxygen and sulfur, and H,O and H,S will be generated
during the reduction process. AW is 5.03 g when Wy is 33 g.

2.3. Characterization Methods

The phases of the slags and matte samples were monitored using X-ray powder
diffraction (XRD; D8, Bruker Ltd., Karlsruhe, Germany, Cu Ka1 radiation, increment 0.02)
in the range of 10-90° (20). The compositions of the slag samples were detected using
an atomic absorption spectrophotometer (SU-Z2700, Hitachi, Tokyo, Japan). The C and S
contents in the slag and metal samples were detected using a carbon sulfur analyzer (G4
ICARUS, Bruker Ltd., Karlsruhe, Germany). The microstructures of the slag samples were
monitored by SEM coupled with energy-dispersive X-ray spectroscopy (SU-8010, Hitachi,
Tokyo, Japan).

2.4. Experimental Procedure

The copper slag was crushed into a granular powder with a diameter of less than
0.037 mm. The powder of the copper slag was thoroughly mixed with the calcium oxide
according to a certain ratio, and the mixed raw materials were pressed into a cylinder with
a diameter of 15 mm and a height of 15 mm. The pressure was 140 MPa.

The cylindrical sample was placed in the corundum hanging basket. The heating
rate was 10 °C/min. Argon protection was applied during the heating process. After the
specified temperature reached, the temperature was kept constant for 30 min, and the
argon gas and the H, gas were introduced into the reduction reaction with a certain ratio.
The cooling rate was 10 °C/min, and argon protection was also used in the cooling process.

2.5. Experimental Results

The basic conditions of the experiments were that the copper slag weighed 33 g,
and the H; flow was 4 L/min. In the suitable conditions, the CaO addition was 9.9 g,
the temperature was 1373.15 K, the H; partial pressure was 40%, and the reduction ratio
was 85.04%. The experimental results are shown in Figure 4. The XRD pattern of the copper
slag after reduction for different reaction times is shown in Figure 5.

In the beginning, the reduction speed is faster. With the increase of the reaction
time, the peak of Fe gradually increases, and the peak of Fe,SiOy is gradually weakened,
indicating that the reduction time has an effect on the reduction effect. It can be seen from
Figure 5 that the main components of the initial stage copper slag are Fe;SiO; (fayalite) and
Fe304 (magnetite). After 5 min, metal Fe appears. As the reaction time increases, the peak
of Fe increases continuously. When the reaction time is 60 min, the reduction ratio reaches
the maximum value. Then, the reduction ratio remains constant with the increase of the
reaction time. The peak of Fe3O4 could not be detected at 30 min, and the peak of FeO
could not be detected at 60 min.

The chemical composition of copper slag after reduction is shown in Table 2. The metal
iron content in the slag greatly increases.
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Figure 4. Experimental results under suitable conditions.
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Figure 5. XRD patterns of copper slag after reduction.

Table 2. The chemical composition of copper slag after reduction under suitable conditions (wt. %).

C
<0.004

Zn
0.44

Cu
3.40

Pb S
<0.01 0.781

TFe
42.51

MFe
36.15

FeO
9.48

In total, 120 g slag after reduction was kept at 1773.15 K for 4 h. In total, 40 g metal
and 82 g tailings were obtained. The SEM analysis result of the metal after melting is
shown in Figure 6, and the composition of the metal is shown in Table 3. The main matrix
of the metal is copper—iron alloy, and some copper matte is mixed. After melting and
separation, the metal still contained some sulfur, indicating that H, has a better effect on
oxide reduction, and less effect on sulfide reduction. A desulfurization process is needed
before steelmaking.
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Figure 6. SEM analysis result of metal after separation.

Table 3. Chemical composition of molten metal after separation (wt. %).

Tre Cu Pb Zn S C
85.20 10.4 0.089 0.286 2.11 <0.004

3. Analysis and Discussion
3.1. Reaction Kinetic Model

The reduction of copper slag pellets by H; is a gas—solid interface reaction. The diam-
eter of the copper slag used in the experiment was less than 0.037 mm. The pellets had
porosity. During the hydrogen introduction, the reaction proceeds from the outside to the
inside. A product layer is formed on the surface, and the inside is an unreacted layer. It can
be applied to the unreacted nuclear model. In the model, the volume of the pellet does
not change during the reduction process, the reduction is a reversible first-order reaction,
the intermediate product layer is thin, and the process of chemical reaction has reaches a
quasi-steady state [19]. As the reaction progresses, the product layer gradually thickens,
and finally the reduction reaction stops. The reduction of copper slag is the reduction of
oxides and sulfides, mainly the reduction of ferroferric oxide, iron olivine, and cuprous
sulfide. The metal recovery ratio is determined according to the degree of weight loss.

In the unreacted nuclear model, the reaction process can be decomposed into five steps.
The first step is external diffusion. The reducing gas moves through the gas phase boundary
layer and then to the surface of the solid product. The second step is internal diffusion. That
is, the reducing gas continues to diffuse to the chemical reaction interface, and the iron ions
generated gradually diffuse through the solid product layer to the interior of the unreacted
core. The third step is the interfacial chemical reaction, which is the chemical reaction of
the reducing gas with the oxide on the interface, including the adsorption and desorption
processes. The fourth step is a process in which the reducing gas product continues to
diffuse through the product layer to the unreacted solid surface. The fifth step is a process
in which the reduced product is diffused into the interior of the gas phase after leaving the
solid surface. The model diagram is shown in Figure 7.

In the unreacted nuclear model, the total rate equation for the reduction of copper slag
is Equation (2).

ﬁ%—gg(e[l—%l—f)

WIN
+
N
—
—_
|
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Reacted surface
Reacted part

Particle surface
Meteorological boundary layer

Figure 7. Dynamic model diagram. C°, the boundary gas concentration; Cs, the mineral ball surface
concentration; C, the chemical reaction interface concentration; C¢, the equilibrium concentration of
the core interface.

3.2. Effect of External Diffusion on Hy Reduction Process and Experiment Results

Before the reduction experiment of copper slag, the preliminary experiments are
performed to eliminate the influence of the external diffusion on the experiment, and the
flow rate of the critical reducing gas is determined. In the preliminary experiments, the gas
component (10% Hpy, 90% Ar) is used, the reduction temperature is 1373.15 K, and the
mixed gas flow rates are 2, 3, 4, and 5 L/min, respectively.

The experiments are carried out at a high temperature, and the reaction rate is relatively
fast. When the flow rate of the reducing gas reaches the critical value, the external diffusion
is not the control link in the reduction process. The influence of the temperature on the
ratio of the reduction reaction is stronger than that of the external diffusion. The critical
rate at a higher temperature can rule out the effects of external diffusion, and this critical
rate is also applicable at relatively lower temperatures. Then, under the condition that
the partial pressure of H; is more than 10%, the influence of the external diffusion on the
reduction process can certainly be excluded. Therefore, the experiments were carried out
using a mixed gas with a low partial pressure of Hy (10% Hj, 90% Ar) and a relatively high
temperature of 1100 °C.

The experimental results are shown in Figure 8. It can be seen that as the flow rate
of the gas increases continuously, the reduction ratio also increases. When the gas flow
rate increases to 4 L/min, the reduction ratio remains unchanged even if the gas flow
rate is increased again, indicating that 4 L/min is the critical value of the gas flow rate.
Therefore, the reduction process is controlled with three situations, which are internal
diffusion, interface chemical reaction control, and mixed control.

100

80 -

60

40

Reduction rate/%

—&— 2] /min
—e—3L/min
—&— 4] /min

—v— 5L/min
0 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80

20 -

t/min

Figure 8. Determination of the reducing gas flow.
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In the conditions that the gas flow rate was 4 L/min, the mass ratio of calcium oxide

addition to slag was 25%, and the reaction time was 80 min, the experimental results at
different temperatures and partial pressures are shown in Figure 9.

100 100 ~
—=—10% (H,) —=—10% (H,)
1223.15K 20% (H,) 1273.15K —e—20% (H,)
or —a—30% (H,) 80 - —a—30% (H,)
—v—40% (H,) —v—40% (H,)
60 60 |
~ ~
40 20k
20 ok
0 L L L L L L L L 0 1 1 1 1 1 1 1 1
0 1o 20 30 40 S50 60 70 80 0 10 20 30 40 50 60 70 80
t/min t/min
100 100
1323.15K 1373.15K
80 80 |
60 60 |
~ ~
0 o —=—10% (H,)
—=—10% (H,) o (Hy
0,
. —e—20% (H,) —*—20% (H,)
0,
—a—30% (H,) 20 —&—30% (Hz)
0,
—v—40% (Hz) —v—40% (H2)
0 L L L L L L L L 0 1 1 1 1 1 1 1 1
020 3 40 50 60 70 80 0 10 20 30 40 50 60 70 80

t/min .
t/min

Figure 9. Experimental results under different conditions.

According to the results in Figure 9, the reaction law of copper slag reduction under
different conditions is similar. At the beginning, the reduction speed is faster. As the
reaction proceeds, the product layer becomes thicker, resulting in reduced gas diffusion
and a reduced reaction ratio. The increase of the gas pressure can promote the diffusion
of hydrogen, which can diffuse in the case of a thicker product layer, and can finally
obtain a higher degree of reduction. Temperature promotes the diffusion of the gas,
and also promotes the diffusion of the product layer. To a certain extent, the higher the
temperature, the more hydrogen can diffuse and enter, which promotes the improvement
of the reduction effect.

3.3. Effect of Internal Diffusion and the Chemical Reaction Interface on the Reduction Process

When the porosity of the solid product layer is relatively large, and the gas flow rate
is rapid, the diffusion resistance in the gas phase boundary layer and the solid product
layer is small, such that it can be ignored. Therefore, the Hy reduction process of the
copper slag is controlled by the interface chemical reaction, and the rate equations are
Equations (3) and (4).
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When the resistance of the gas diffuse in the solid product layer is large, the resistance
of the interfacial chemical reaction and the out-diffusion are negligible during this process.
Therefore, it can be judged that the reduction process is controlled by internal diffusion,
and the rate equations are Equations (5) and (6).

ﬂ _ 3(CIQIZ - CI*b) 1

= 3 5
#1731 A0 ”

) 6D, (CY — Cs
1-3(1—f)3 +2(1—f) = (<, Hz)t ©)

Por 02
When the resistance of the interface chemical reaction and the internal diffusion are not

negligible, the reduction process of the copper slag is controlled by the interfacial chemical
reaction and the internal diffusion, and the rate equations are as follows:

af 3(ch, — Gy ) 1

: : )
o pla-ph 1]+ @ f)7Fporo
) z K i = Clqlz _C;IZ
6D3[1_3(1_f) +2(1_f)}+m[1_(1_f) }_Poirot ®)
b=l 2003 e ©)
1-(1-f)3
= PUTd (10)
6D, (Ch, — Ci,)
b poroK (11)

T k(14K) (c8, — i)

The relationship of [1 — (1 —f)1/3] and [1 — 3(1 —f)2/3 +2(1 — f)] with t in different
conditions is shown in Figure 10. It can be seen that the reaction time with the chemical
reaction and the internal diffusion are nonlinear, such that the reduction reaction is con-
trolled in multiple steps. The relationship of [1 — (1 — f)/3] with [1 - 3(1 — £)%/3 + 2(1 — f)]
is shown in Figure 11. There is a good linear relationship under different temperature
conditions, indicating that the reduction of copper slag is controlled by a chemical reaction
and internal diffusion.

3.4. The Calculation of the Apparent Chemical Reaction Rate Constant, Diffusion Coefficient and
Apparent Activation Energy

The reaction rate constant can be obtained by taking the intercept of each straight line
in Figure 11. The diffusion coefficient can be obtained by taking the slope of each straight
line, and the results are shown in Table 4.
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Table 4. Reaction rate constant diffusion coefficient for various gas compositions and temperatures.

H, Partial Pressure 10% 20% 30% 40%
122315K 313 x 1073 356 x 1073 446 x 1073 528 x 1073
reaction 1273.15K  3.65x 1073 399x 103 502x103 5.88x 103
rate constant 132315K 415x 1073  449x107% 552x10° 6.38x 1073

1373.15K 461 x 1073 518x 1073 632x103 728 x 1073

122315K 287 x107® 337 x107® 345x10% 353x10°°
127315K 377 x107® 379 x107® 391x107°® 472 x10°°
1323.15K 433 x10® 534x10® 550x10°% 693 x10°°
137315K 496 x107® 611 x107® 658 x107% 7.83x 10°°

diffusion coefficient

The apparent chemical reaction rate constant k is a function of temperature, and its
calculation follows the Arrhenius Formula (12):

AEa>
RT

k = Aexp(— (12)

—AE

where k is the apparent rate constant, R is the gas constant, T is the thermodynamic
temperature, K is the apparent activation energy, k] /mol, and A is the frequency factor.
The relationship of Ink-1/T is shown in Figure 12.
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Figure 10. Comparison curve of the chemical-controlled reduction with the diffusion-controlled reduction.
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Figure 11. The relationship of [1 — (1 ff)1/3] with [1-3(1 ff)z/3 +2(1 -l
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Figure 12. The relationship of Ink-1/T.

The values of AE and A can be obtained from the slope and intercept of the line,
respectively. The results are shown in Table 5.



Minerals 2022, 12, 548

12 0f 15

Table 5. Relationship between Ink and 1/T in different reducing atmospheres.

H, Partial Pressure AE/(KJ/mol) A Apparent Rate Response Equation
10% 36.082 0.110 k=0. 1loexp(%24>7§103>
20% 34.586 0.106 k= 0-1068XP( 3?;53%%103)
30% 31.784 0.101 k= 0'101exp( 3273%103)
40% 29.107 0.092 k= 0.092exp( =29107:10° 3%103)

The reduction of copper slag can be divided into two stages [15,17]. In the early
stage, the reduction of Fe;O4 to FeO was the main reaction. At this time, the reaction was
rapid and the weight loss rate was fast. With the progress of the reaction, the reduction
of FeO occured, including FeO reduced from Fe;O4 and generated by the reaction of
Fe;Si04 and CaO. The reduction of FeO required a higher hydrogen partial pressure and
temperature, and the reduction was slower than that of Fe3O4. As the reaction progressed,
internal diffusion gradually became the limiting link. There was also a partial reduction
of HjS at the end of the reduction. It is believed that the reduction rate of H, was higher
than that of CO [13]. With the increase of the H, partial pressure, the activation energy
decreased rapidly. The activation energy obtained in this experiment was lower than the
reduction of other reducing gases, and it gradually decreased with the increase of H; partial
pressure [13].

3.5. Resistance Comparison of Internal Diffusion and Interfacial Chemical Reaction

The internal diffusion resistance (Fp) and the interfacial chemical reaction resis-
tance (Fk) are calculated using Equations (14) and (15). The total resistance is defined
as F = Fp + Fg, where the relative resistance of the internal diffusion is expressed as Fp/F,
and the relative resistance of the interfacial chemical reaction is expressed as Fg/F. The ex-
perimental results are shown in Figure 13. The results show that the trends of the two
changes are probably the same. In the initial stage of copper slag reduction, the reduction
process is controlled by internal diffusion and interfacial chemical reaction, and interface
chemical reaction control is the main control link. In the reduction process of the reaction,
the internal diffusion is a control link, while the internal diffusion gradually becomes domi-
nant. Under the conditions of a high reduction temperature and a large H; content, the low
resistance of internal diffusion is favorable for the achievement of a high reduction ratio.

o= |- -1 (14)
Fe= -0 (15)

3.6. Comparison between Theoretical and Experimental Data

The accuracy and reliability of the model in this experiment were verified by com-
paring the theoretical and experimental values of the reduction ratio obtained by the
calculation of the reduction ratio equation in the unreacted nuclear model.

A comparison of the theoretical and experimental values is shown in Figure 14. It can
be seen that the theoretical value of the unreacted nuclear model fits well with the experi-
mental value, which confirms the reliability of the model in this experiment.
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Figure 14. Comparison between the theoretical and experimental data for the reduction.
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4. Conclusions

In order to maximize the use value of copper slag, the process of copper slag reduction
by H; was proposed, and the kinetics of copper slag reduction were studied.

(1) The main phases of copper slag are Fe;SiO4 and Fe3O4. The suitable condition of
copper slag reduction by H, uses a temperature of 1373.15 K, a H, partial pressure of
40%, and a CaO addition amount of 30%. The reduction ratio is 85.04%. The melting
test was carried out under the conditions of a temperature of 1773.15 K for 4 h.
The content of Fe in the molten metal was 85.11%, the content of copper was 10.40%.

(2) According to the unreacted nuclear mode, it can be concluded that the reduction
process is controlled by internal diffusion and an interfacial chemical reaction. With the
increase of the reduction ratio, internal diffusion is the main influencing factor. When the
reaction temperature is between 950 °C and 1100 °C, the reaction ratio constant and diffu-
sion coefficient is calculated, and the apparent activation energy is 29.107~36.082 kJ /mol,
which gradually decreases as the partial pressure of H; increases.
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