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Abstract

Chalcocite ore, which has high silica but low iron contents, is uneconomical to smelt using
conventional two stage smelting processes. In this paper, thermodynamic analysis and experimental
verification of the direct-to-blister smelting of chalcocite ore were studied. The equilibrium
compositions, slag phase diagrams and slag viscosities indicated that the direct-to-blister smelting
of chalcocite ore is unreasonable, and the thermodynamic adjustment scheme shows that adding
pyrite and calcium oxide to the chalcocite ore can make the slag type reasonable. The feasibility
control plan of the slag type was verified by experiments, and the experimental data were analyzed
by chemical composition analysis, XRD, EPMA and viscosity measuring apparatus. The
experimental results are in good agreement with the theoretical calculations. The copper recovery
is between 80% and 91%, while the content of copper in the slag is in the range of 8% to 15%,
indicating that direct-to-blister smelting can be realized on a lab scale.
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1. Introduction

The extractive metallurgy of copper can be divided into two group processes, namely, pyro-
metallurgy and hydrometallurgy, and the former is dominant. According to recent data, about 10%
of copper is produced through continuous converting processes, such as flash converting. The
remainder of the pyrometallurgical production comes from both PSCs (primary smelting converters)
and other discontinuous converting processes. The first stage of the conventional copper pyro-
metallurgy process is to smelt copper concentrate to copper matte composed of FeS and Cu,S with
slagging to remove partial iron [1]. The smelting processes include bath and flash smelting. The
second stage of the process is to convert the copper matte to blister copper [2—4]. In most cases, the
copper matte is converted in a P-S converter, and it is a batch operation [5-7]. The remaining 20%
of primary copper production comes from hydrometallurgical processing of mainly copper oxide
and chalcocite ores [8-11].

Chalcocite (CuzS) is one of the main minerals of copper in nature and is characterized by high
copper content (the mass fraction of copper in the concentrate produced by beneficiation can reach
more than 40%), and low sulfur and iron content. Usually, chalcocite ores are processed by
hydrometallurgy, and this method mainly recovers copper through leaching, followed by solvent
extraction and electrowinning. However, wet copper refining has problems such as high
consumption of chemical reagents, wastewater pollution and waste acid treatment, etc. Although
bio-bacterial leaching can reduce some of the above problems, it can not solve the low efficiency
inherent in wet copper refining, and also bacterial leaching has the problem of complex control of



temperature, aeration, microbial community and other parameters, which can not precisely control
the heap leaching process for a long period of time [10]. Due to the characteristics of high copper,
low iron and high silicon of chalcocite ore, especially the copper grade in it is close to or higher
than the copper matte grade produced by ordinary matte smelting, if the traditional matte smelting-
copper matte smelting method is used for copper extraction, it is obviously uneconomical. There
are two main problems in the smelting method, one is that the sulfur content of the concentrate is
low so that it is impossible to achieve self-heating smelting without external heating, and the other
is that the slag type is difficult to stably control and cannot reach the copper content level of
conventional copper concentrate smelting slag. Therefore, it is necessary to study the direct-to-
blister copper smelting process of high-grade chalcocite ore [12—15].

Compared with the conventional two-step smelting -converting process, direct-to-blister
copper smelting process has the following advantages: (a) It generates a single, continuous off-gas
with high-concentration SO, which is easily collected and highly suitable for acid-making
operations; (b) It has lower energy consumption; (c) It requires lower capital expenditure (Capex)
and operating expenditure (Opex). D. R. Swinbourne believed that any copper concentrate can
generate blister copper by direct smelting in the flash furnace [16]; however, given the economic
feasibility, the low grade copper concentrate is not suitable. Hao et al. believed that when the ratio
of copper to sulfur is lower than 1.7, the direct to blister copper smelting process is not
economical[17]. Wang et al. pointed out that the addition of a certain amount of calcium oxide can
decrease slag viscosity, and improve copper recovery through experiments [18,19]. At present, there
are three copper smelters using the direct blister copper process, i.e. Glowgow Copper Smelter in
Poland, Olympic Dam Smelter in Australia and Chingola Smelter in Zambia.

There are few thermodynamic analyses related to the direct-to-blister copper smelting process.
In this study, chalcocite ore is used as a raw material, and the Equilib Module, Phase Diagram
Module and Viscosity Module in FactSage software are used to analyze the thermodynamic data of
direct-to-blister copper smelting process. The optimal slag type feasibility control experimental
scheme calculated by FactSage is experimentally verified, and the theoretical point phase
composition is verified and corrected by means of chemical composition analysis, XRD, EPMA and
other means. At the same time, smelting parameters such as copper direct yield, blister copper grade,
blister copper content, and slag copper content were investigated to verify the feasibility of direct-
to-blister smelting from chalcocite ore under laboratory conditions.

2. Materials and Method

2.1 Materials

This paper takes chalcocite ore provided by a copper smelter in Fujian as the research object,
and its physical appearance is gray-black solid particles. At room temperature, the chemical analysis
was carried out after crushing and grinding. The analysis results are shown in Table 1. The copper
content in this chalcocite ore is as high as 53.55%, and the iron, sulfur and silica contents are 4.23%,
15.26% and 14.37%, respectively. In addition to containing a small amount of other gangue
components, it belongs to the typical low-iron and high-silicon type chalcocite ore.

2.2 Methods
For the thermodynamic analysis, a series of calculations of the equilibrium compositions, slag
phase diagram, and slag viscosity of copper smelting were completed in the thermodynamic



simulation software FactSage. The database selections in this study are FactPS, FToxid and FTmisc,
and the calculation modules used are Equilib Module, Phase Diagram Module and Viscosity Module.
The equilibrium calculation results gave the content of each substance in the gas phase, copper
liquid phase and slag liquid phase in detail so that the copper smelting parameters can be calculated.
Mathematical expressions for the direct yield of copper (nc), sulfur content in blister copper (1s)
and blister copper grade (©) were defined as follows, where Mc and Mg represent the mass of copper
in the copper liquid phase and the raw material, respectively; Ms and Mt are mass of sulfur in copper
liquid phase and total mass of copper liquid phase, respectively. Enter the content of the main oxides
(Si0,, Ca0, AL,O3, MgO, Fe,03, and FeO) in the slag liquid phase obtained by the Equilib Module
and the specified temperature in the Viscosity Module, and then the corresponding viscosity data
can be obtained. The pseudo-ternary system phase diagrams were drawn by fixing the ratio of A1>O3,
MgO and Fe>O3 and using CaO-SiO2-FeO as the variable to analyze the influence of the change of
iron-silicon ratio and CaO on the composition properties of slag, and to carry out reasonable slag
type adjustment.

ne = g (1)
ns = 4 )
0 - 4 3)

For the experimental procedure, first, put the empty crucible (m;) and the oxygen lance into
the constant temperature zone of the electric furnace. Raise the temperature to 1300°C at a heating
rate of 10°C/min. Once the temperature is stabilized, maintain it for 30 minutes. After this period,
use the feeder to introduce 60 g of material into the crucible. After the charge is completely melted,
the oxygen lance is inserted into the bottom of the molten material layer, and oxygen-enriched gas
is injected. After the injection was completed, the oxygen lance was pulled out, allowed to stand at
1300 °C for a certain period of time, and then cooled to room temperature with the furnace. The
crucible containing the material was removed, and the crucible (m2) was weighed. The crucible was
crushed to take material, the blister copper was separated from the slag, the copper content in the
slag (o) was detected, the blister copper mass (m3) was weighed, and the slag phase quality (m4)
and the copper direct yield (n) were calculated. The calculation method is as follows:

M4 =M2-M- M3 @)
N = Ms/Max o+ Ma) ®)]

3. Results and discussion
3.1 Thermodynamic analysis
3.1.1 Problems existing in the direct-to-blister copper smelting of chalcocite

When the oxygen-enriched concentration of the injected gas is 70%, the phase equilibrium
process of the direct-to-blister copper smelting process for chalcocite is shown in Fig. 1. When the
temperature is lower than 1150°C, there is less slag-lig and much SiO,, spinel, cordierite
(Mg2Al4Si5013), CaAl>Si20s, and orthopyroxene in the melt. The slag liquid phase increases with
the temperature, and SiO», spinel, Mg>Al4Sis013, and CaAl>Si>Og are gradually dissolved in the slag



liquid phase, which is good for the separation of blister copper and slag. When the temperature
reaches to 1300°C, the SiO» phase still exists, but the major phase is slag-liquid. Fig. 1 (b) shows
the composition in the slag liquid phase. When the temperature rises from 1100°C to 1200°C, the
Cuz0 content in the slag liquid phase increases significantly, corresponding to a declining trend of
the amount of blister copper in Fig. 1 (a). With a temperature increase lower than 1250°C, more
metallic copper is oxidized into the slag liquid phase, and the copper recovery is reduced. As the
temperature increases to a high level, the Cu,O content in the slag liquid phase increases slowly.
The viscosity of direct-to-blister copper smelting slag calculated by FactSage for each oxygen
concentration is shown in Table S-1. Under various oxygen concentrations, the viscosity of molten
slag at 1250°C and 1300°C is greater than 29 Pa-s, indicating that the direct direct-to-blister smelting
of chalcocite slag type is unreasonable and that normal smelting cannot be carried out.

Fig. 2 shows the slag phase diagram, which indicates that the SiO; phase precipitated from the
slag under smelting conditions. This results in higher slag viscosity and poorer fluidity, thus making
operation difficult in the direct blister copper smelting process for chalcocite. To ensure the smooth
process of direct-to-blister copper smelting, the smelting slag type needs to be adjusted. In addition,
when the temperature rises from 1250 °C to 1300 °C, it can be seen from the phase diagram that the
liquid phase area of molten slag expands (yellow area in Fig. 2), indicating that it is easier to control
molten slag in high-temperature smelting.

3.1.2 Slag type adjustment

Fig. 3 shows the synthetic diagram of the phase diagram of the copper slag series in the direct
direct-to-blister copper smelting of chalcocite at 1300°C under various oxygen concentrations. It
can be seen that the change in oxygen concentration has little effect on the phase diagram of the slag
system. With increasing oxygen concentration, the slag liquid phase area showed a trend of
expansion, the spinel-slag liquid zone showed a downward trend, and the area size showed no
obvious change. In the direct direct-to-blister copper smelting process of chalcocite at 1300°C, the
SiO» phase is precipitated from the slag under smelting conditions, resulting in a higher viscosity of
slag, which cannot smoothly step smelting.

According to Fig. 3, the following solutions can be obtained: The iron-silicon ratio and CaO
content of the slag were adjusted so that the slag composition point was located in the slag liquid
phase region (Fig. 3 yellow area), and the adjustment range of the iron-silicon ratio was less than
1.05. The slag composition point is adjusted to the molten slag liquid phase near the middle region,
which is convenient for practical operation.

Table 2 shows the effect of CaO addition on smelting parameters, and slag phase diagrams are
shown in Fig.4. When the amount of CaO is 1.2%, the composition point of molten slag just enters
the liquid phase of slag, and the viscosity of molten slag is 20.62 Pa *s. Continuing to add CaO, the
viscosity of the slag decreases. When the CaO addition amount was 5.2%, the composition point of
slag was the central position of the slag liquid phase region, which was beneficial to the actual
smelting operation, but the slag viscosity value was still high, which was 2.59 Pa s. When the
content of CaO is 11.1%, the slag component point is the slag liquid phase boundary region, there
are more spinel regions in the phase diagram, and the viscosity of slag is 0.69 Pa es. Therefore, it is
more difficult for the direct-to-blister copper smelting process for chalcocite. As the amount of CaO
is further increased, solid CaO+SiO; and melilite will precipitate out of the melt.

It can be seen from the adjustment plan parameters in Table 2 that the direct-to-blister copper



smelting of chalcocite has the problem of high S content in blister copper. Fig.5 shows the Cu-S
binary phase diagram. When the S in the melt at 1300 °C is reduced to less than 1.63%, the melt is
transformed from a copper matte-blister copper two-phase to a blister copper phase. Therefore, it is
necessary to further control the slag type. The change in S content in blister copper is mainly affected
by the oxygen potential/sulfur potential in the furnace. When the oxygen potential decreases, the
sulfur potential increases correspondingly, resulting in an increase in the S content in the blister
copper; in contrast, the S content in the blister copper decreases. Therefore, on the basis of the
existing conclusions, the amount of oxygen was adjusted appropriately to reduce the S content in
blister copper to approximately 0.5%, and the optimal slag type feasibility control scheme for direct-
to-blister copper smelting of chalcocite was obtained.

3.1.3 The best slag type feasibility control scheme

The optimal thermodynamic control scheme of the method of adjusting the iron-silicon ratio is
shown in Table 3 and 4. The specific smelting parameters are as follows: the slag viscosity is
0.49~0.69 Pa s, the blister copper grade is 99.12~99.36%, the copper direct yield is 88.06 %~95.37%,
and the S content in blister copper is stable at approximately 0.5%.

3.2 Verification of Experiment

This section mainly carries out the direct-to-blister copper smelting experimental verification
of chalcocite. The experimental results may be inaccurate due to the deviation of each step in the
experimental process, such as the low oxygen utilization rate, incomplete settlement of blister
copper, high viscosity of slag liquid, etc. Therefore, the effects of the gas injection rate, gas injection
time, settling time and calcium oxide addition amount on the smelting parameters of direct-to-blister
copper smelting were first discussed through experiments, and then the experimental conditions
were optimized. At the same time, the similarities and differences between the experimental results
and thermodynamic analysis were compared and analyzed, and the feasibility of direct-to-blister
copper smelting from chalcocite was analyzed.

3.2.1 Effect of gas injection time

The amount of oxygen has a crucial influence on the direct yield of copper and the copper
content of the slag [20]. Increasing the amount of oxygen can reduce or remove the Cu,S layer in
the melt, but too much oxygen will also cause no CusS layer in the melt to reduce Cu,O, which
leads to an increase in the copper content of the slag. The injection time and the injection rate jointly
determine the injection oxygen amount. Due to the experimental operation and other reasons, the
fixed gas injection rate is 0.4 L/min, so the injection time directly determines the amount of oxygen.

Under the conditions of an experimental temperature of 1300°C, oxygen concentration of 21%,
gas injection rate of 0.4 L/min and settling time of 3 h, the influence of injection time on the direct
yield of copper was studied. Under this condition, the theoretical injection time is 112 min, and the
experimental results are shown in Table 5. With increasing injection time, the direct copper yield
showed a trend of increasing first and then decreasing. When the injection time was close to the
theoretical injection time, the direct copper yield was greater than 89.2%. When the injection time
was 118 min (105.3% of the theoretical injection time), the direct copper yield showed a maximum



value of 90.5%. The injection time continued to increase, and the direct yield of copper gradually
decreased. When the injection time was 180 min, the blister copper disappeared completely. To
prevent the chance of the experiment, another two groups of parallel experiments were performed
to ensure rigor, and the experimental results are given in Table S-2 and Table S-3. The experimental
results show that when the direct yield of copper reaches the maximum value, the gas injection time
is approximately 105% of the theoretical injection time, which is consistent with the conclusion of
experiments 1-8.

Taking the slag from Experiments 2, 5 and 6 for XRD analysis, the results are shown in Fig.
6a. When the injection time is 100 min, there are obvious Cu,S diffraction peaks in the slag XRD
pattern, indicating that the reaction is not complete, and there is a Cu»S layer in the melt, resulting
in the direct yield of copper being low. When the injection time was 123 min, Cu,O diffraction peaks
appeared in the XRD pattern of the slag, indicating that the amount of Cu,O dissolved in the slag
increased due to injection overoxidation. When the injection time was 118 min, the copper phase in
the XRD pattern of the slag was mainly Cu, and no obvious CuzS and Cu,O diffraction peaks were
found, indicating that the reaction was complete and that the amount of injected oxygen was
appropriate. Fig. 6b shows the physical map of blister copper in experiment 5. Fig. 6¢ shows the
EPMA surface scan of the slag when the injection time is 118 min. The figure also shows that copper
mainly exists in the form of metallic copper in the slag, and the slag type is mainly calcium-silicon
slag. Therefore, it is reasonable to think that the injection time should be 105% of the theoretical

oxygen injection time.
3.2.2 Effect of sedimentation time

Under the conditions that the experimental temperature is 1300°C, the gas injection rate is 0.4
L/min, and the injection time is 105% of the theoretical injection time, the influence of the copper
settling time of adding calcium oxide to chalcocite on the direct yield of copper is studied. Fig. 7
shows the effect of settling time on copper recovery at oxygen concentrations of 21%. It can be seen
from the figure that when the sedimentation time was increased from 30 min to 120 min, the copper
recovery rate increased significantly, the sedimentation time continued to increase, and the copper
recovery rate almost did not increase. Therefore, 120 min is a suitable settling time.

3.2.3 Effect of calcium oxide amounts

Fig. 8a shows the effect of different CaO additions on the direct copper yield, indicating that
with the increase in CaO addition, the direct copper yield increases, and as the CaO content increases
from 4% to 11.3%, the crude copper yield increases from 65.06% to 90.78%, and the copper content
in the slag is reduced from 17.64% to 8.59%. Fig. 6¢ shows the viscosity curve of the slag with
different CaO additions during the direct-to-blister copper smelting experiment of chalcocite. At
1300°C, with the increase in CaO content from 4% to 11.3%, the viscosity value gradually decreased,
from 4.006 Pa's to 1.702 Pa-s, which is consistent with the decreasing trend of the theoretical
calculation of adding CaO, but the theoretical calculation of CaO shows that when the content is
11.3%, the viscosity is only 0.70 Pa-s, while the measured value of the viscosity in the actual
experiment is 1.702 Pa-s, and the numerical gap is large, which is also the main reason why the
actual direct yield of copper is lower than the theoretical direct yield, because copper The loss in
the slag is divided into mechanical entrainment and chemical dissolution, but only chemical



dissolution is considered in the theoretical calculation [21]. In the experiment, copper inevitably
enters the slag phase due to mechanical entrainment, resulting in a decrease in the direct yield.

Fig. 8b shows the XRD patterns of the slag with different CaO additions. When the addition of
calcium oxide is 4% and 5%, there is a CuxS phase in the slag, and when the addition of calcium
oxide exceeds 6%, CusS disappears. This is due to the addition of calcium oxide. Reduce slag
viscosity, facilitate melt flow and promote copper formation. Continuing to increase the calcium
oxide content, diopside and diopside iron phases are formed in the slag. When the addition amount
of calcium oxide is 11.3%, although the amount of slag increases, the dissolved oxygen content in
the slag increases, which promotes the oxidation loss of copper, but the viscosity of the system
decreases(Fig. 8c), which reduces the loss of copper due to mechanical entrainment. Therefore,
considering the factors affecting the direct copper yield, the theoretical calcium oxide addition
amount of 11.3% has the best effect.

3.2.4 Verification of Experiment

After the above experimental discussion, the thermodynamic optimal scheme (Table 3) was
used for experimental verification. The verification experiment was carried out using 105% of the
theoretical oxygen injection time, a 2-hour sedimentation time and the theoretical calcium oxide
addition amount. The experimental results and theoretical data are listed in Table 6. The direct yield
of copper at each iron-to-silicon ratio is lower than the theoretical value. There are three main
reasons. First, in the actual smelting process, some elemental copper will enter the slag phase due
to mechanical entrainment, resulting in an increase in the loss of copper in the slag, and this loss
quantitative simulation cannot be calculated by thermodynamic theory. Second, the crucible and
oxygen lance used in the experiment are made of corundum (Al,O3), which will react with copper
slag at the experimental temperature (1300°C), resulting in an increase in the Al,O3 content in the
slag by approximately 120%. The viscosity of the slag increases, and the mechanical loss in the slag
further increases.

Technical indicators for direct-to-blister copper smelting by adjusting the iron-silicon ratio of
chalcocite mixed pyrite to 0.35, 0.6 and 0.8 are shown in Table 6. In general, in the obtained
experimental results, the direct yield of copper is between 80% and 91%, while the content of copper
in the slag is in the range of 8% to 15%. The copper grades in the experimentally obtained blister
copper are all greater than 98%, which is lower than the theoretically calculated blister copper grade,
which is attributed to the theoretical calculation without considering impurity elements (such as
arsenic, antimony, bismuth, etc.) in the copper concentrate. The blister copper sulfur content is in
good agreement with the theoretical calculated value. The experimental results are in good
agreement with the theoretical calculations, indicating that the direct-to-blister copper smelting of
chalcocite can be realized under laboratory conditions.

4. Conclusions

In this paper, thermodynamic and experimental studies on the direct-to-blister smelting of
chalcocite were conducted. Chalcocite ore has a low iron-silica ratio, and silica would precipitate in
the melt at 1300°C. The thermodynamic adjustment scheme shows that adding pyrite and calcium
oxide to the chalcocite can make the slag composition point located in the slag liquid phase region.
Based on the equilibrium phase composition, slag phase diagram, slag viscosity, and sulfur content



in copper, the optimal slag type feasibility control scheme were calculated. The smelting parameters
were as follows: the slag viscosity was 0.49~0.69 Pa-s, the blister copper grade was 99.12~99.36%,
the copper direct yield was between 88.06%~95.37%, the sulfur content in blister copper was stable
at approximately 0.5%.

The verification experiment was carried out using 105% of the theoretical oxygen injection
time, a 2-hour sedimentation time and the theoretical calcium oxide addition amount. The results of
the verification experiment showed that the copper recovery ranged from 80% to 91%, while the
copper content in the slag varied between 8% and 15%. Since the mechanical entrainment loss of
copper in the slag could not be calculated theoretically, the experimental copper content in the slag
was higher, leading to a lower copper recovery than the theoretical value. The blister copper grade
was close to the theoretical value, and the sulfur content in blister copper matched the theoretical
value. The experimental results are in good agreement with the theoretical calculations, indicating
that direct-to-blister smelting can be realized on a lab scale.
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Figure and table captions

Fig. 1. The effect of temperature on (a) the change in phase composition and (b)
the change in phase composition in slag during the direct blister copper smelting
process of chalcocite.

Fig. 2. Slag phase diagram at (a) 1250°C and (b) 1300°C.

Fig. 3. Composite phase diagram of the copper slag in the direct-to-blister
smelting of chalcocite under various oxygen concentrations at 1300°C.

Fig.4. Slag phase diagram in direct-to-blister copper smelting of chalcocite at
1300 °C with CaO addition of (a) 1.2%, (b) 5.2%, (c) 11.1%.

Fig.5. Phase diagram of Cu-S

Fig. 6. (a) XRD patterns of copper slag obtained in experiments 2, 5, and 6; (b)
Physical map of blister copper in experiment 5; (¢) EPMA diagram of copper slag in
experiment 5.

Fig. 7. Effect of sedimentation time on copper recovery.

Fig.8. (a) The influence of different CaO additions on copper yield; (b) X-ray
diffraction pattern of the slags with different CaO additions; (c) Effect of adding
different amounts of CaO to chalcocite on the viscosity of molten slag.

Table 1. Chemical composition of chalcocite raw material.

Table 2. The effect of CaO addition on smelting parameters.

Table 3. Chemical composition (%) of the optimal slag type feasibility control
scheme.

Table 4. Smelting parameters table of the optimal slag type feasibility control
scheme.

Table 5. The effect of gas injection time on copper recovery at a 21% oxygen
concentration.

Table 6. Technical indicators for direct-to-blister copper smelting by adjusting
the iron-silicon ratio of chalcocite mixed pyrite to 0.35, 0.6 and 0.8.
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Fig. 1. The effect of temperature on (a) the change in phase composition and (b) the change in phase

composition in slag during the direct blister copper smelting process of chalcocite.
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Fig. 2. Slag phase diagram at (a) 1250°C and (b) 1300°C.
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Fig. 3. Composite phase diagram of the copper slag in the direct-to-blister smelting of chalcocite

under various oxygen concentrations at 1300°C.
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Fig.4. Slag phase diagram in direct-to-blister copper smelting of chalcocite at 1300 °C with
Ca0 addition of (a) 1.2%, (b) 5.2%, (c¢) 11.1%.
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Fig. 6. (a) XRD patterns of copper slag obtained in experiments 2, 5, and 6; (b) Physical map of
blister copper in experiment 5; (¢) EPMA diagram of copper slag in experiment 5.
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Fig. 7. Effect of sedimentation time on copper recovery.
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Fig.8. (a) The influence of different CaO additions on copper yield; (b) X-ray diffraction pattern of
the slags with different CaO additions; (c) Effect of adding different amounts of CaO to chalcocite
on the viscosity of molten slag.



Table 1. Chemical composition of chalcocite raw material.

Element Cu Fe S Si0O2 CaO MgO ALO3

Contents (%) 53.55 4.23 15.26 14.37 0.26 1.15 3.55

Table 2. The effect of CaO addition on smelting parameters.

CaO addition/%  Viscosity/ Pa s Sulfur content in blister copper ~ Copper direct yield /%

1.2 20.62 1.01 95.47
52 2.59 1.07 95.67
11.1 0.69 1.44 94.46

Table 3. Chemical composition (%) of the optimal slag type feasibility control scheme.

Fe/SiO2 Oxygen concentration Cu Fe S SiO2 CaO MgO AlLOs
21% 46.72  4.39 14.11 12.54 11.49 1 46.72

50% 46.71 4.39 14.11 12.53 11.51 1 46.71

0.35 70% 46.71 4.39 14.11 12.53 11.51 1 46.71
85% 46.71 4.39 14.11 12.53 11.51 1 46.71

99% 46.71 4.39 14.11 12.53 11.51 1 46.71

21% 45.93 7.4 17.39 12.33 6.37 0.99 45.93

50% 45.93 7.39 17.39 12.33 6.38 0.99 45.93

0.6 70% 45.93 7.39 17.39 12.32 6.39 0.99 45.93
85% 45.93 7.39 17.39 12.32 6.39 0.99 45.93

99% 45.92 7.39 17.39 12.32 6.4 0.99 45.92

21% 45.16 9.69 19.87 12.12 2.76 0.97 45.16

50% 44.98 9.66 19.8 12.07 3.13 0.97 44.98

0.8 70% 45.07 9.68 19.83 12.09 2.95 0.97 45.07
85% 45.07 9.68 19.83 12.09 2.95 0.97 45.07

99% 45.15 9.69 19.87 12.12 2.77 0.97 45.15




Table 4. Smelting parameters table of the optimal slag type feasibility control scheme.

Fe/Si0O2 Oxygen S% in blister Blister Cu% in Copper direct ~ Viscosity/ Pa
concentration copper grade/% slag yield /% s
21% 0.5 99.35 4.63 95.18 0.564
50% 0.49 99.26 6.76 93.06 0.57
0.35 70% 0.49 99.21 7.95 91.87 0.574
85% 0.5 99.16 8.74 91.08 0.575
99% 0.5 99.12 9.52 90.3 0.576
21% 0.49 99.36 4.49 95.32 0.513
50% 0.49 99.26 6.6 93.21 0.526
0.6 70% 0.49 99.21 7.87 91.96 0.533
85% 0.49 99.17 8.79 91.04 0.538
99% 0.5 99.12 9.57 90.25 0.542
21% 0.49 99.36 5.4 94.41 0.485
50% 0.49 99.26 7.77 92.05 0.493
0.8 70% 0.48 99.22 9.54 90.28 0.496
85% 0.5 99.16 10.53 89.29 0.503
99% 0.49 99.13 11.77 88.06 0.527

Table 5. The effect of gas injection time on copper recovery at a 21% oxygen concentration.

Experiment number Injection time /min Blister quantity /g Copper recovery /%

1 90(80.4%)* 12.32 56.4
2 100(89.3%) 19.39 79.8
3 106(94.6%) 22.78 89.2
4 112(100.0%) 23.30 89.7
5 118(105.3%) 23.54 90.5
6 123(109.8%) 22.03 86.3
7 150(133.9%) 5.35 25.1
8 180(160.7%) 0 0

* The numbers in parentheses indicate the ratio of the actual injection time to the theoretical injection time



Table 6. Technical indicators for direct-to-blister copper smelting by adjusting the iron-silicon

ratio of chalcocite mixed pyrite to 0.35, 0.6 and 0.8.

Oxygen Copper Blister Copper content in Sulfur content in blister
concentration recovery/% grade/% slag/% copper/%
21% 86.56 98.73 13.12 0.48
50% 93.06 99.35 4.63 0.50
0.35 70% 90.08 98.80 8.38 0.71
85% 84.62 98.45 14.86 0.47
99% 83.4 97.25 15.16 0.57
21% 80.5 98 11.24 0.5
50% 83.01 97.97 15.82 0.49
0.6 70% 83.46 98.21 13.21 0.46
85% 80.17 98.94 12.57 0.44
99% 82.31 98.16 12.82 0.45
21% 82.79 97.86 13.79 0.51
50% 85.61 98.21 14.29 0.52
0.8 70% 86.05 98.6 12.18 0.56
85% 86.79 98 12.73 0.44
99% 81.78 98.06 15.33 0.63
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