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ABSTRACT  
 

The present study investigates the thermodynamic and technological parameters governing the direct-to-blister smelting of copper sulfide concentrates in a dual-zone 

Vanyukov furnace (PV furnace). Industrial slag and matte samples obtained from the Balkhash Copper Smelter (Kazakhmys Smelting LLP) were analysed using 

synchronous thermal analysis (STA 449 F3 Jupiter) to determine complete melting temperatures. Laboratory-scale smelting experiments were carried out to establish 

the compositions of blister copper and smelting-zone slags under controlled oxygen blowing conditions. Process balance calculations were performed using dedicated 

software (PV-BALH) to quantify the effects of burden moisture, oxygen enrichment, specific oxygen consumption, and reductant loading on melt temperature, off-gas 

composition, and product quality. The complete melting temperatures of PV furnace slag and converter slag were determined to be 1172.1 °C and 1195.2 °C, 

respectively, confirming that the operative process temperature of 1300 °C provides an adequate superheat margin. Laboratory direct-smelting trials produced blister 

copper containing 94.2–96.3 wt.%. Cu at a process temperature of 1300 °C. The specific oxygen consumption required to transition from matte smelting (220 Nm³/t 

burden) to direct-to-blister operation (470 Nm³/t burden) was quantified. The optimal burden composition was established as: Cu ≥ 15 wt.%, S ≥ 30 wt.%, SiO₂ ≈ 15 

wt.%, moisture ≤ 6 wt.%. The target slag composition after reduction-zone treatment should contain SiO₂ 28–32 wt.%, Fe₃O₄ ≤ 8 wt.%, and Cu ≤ 0.7 wt.%. These 

findings provide, for the first time, a coherent dataset for the Vanyukov furnace operating in the direct-to-blister mode, since no industrial plant currently applies this 

configuration. 
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INTRODUCTION 

 

The pyrometallurgical production of blister copper from sulfide concentrates 

conventionally involves two sequential steps: autogenous smelting to produce a 

copper matte (50–60 wt.% Cu), followed by Pierce–Smith converting of the 

matte to blister copper (≥98 wt.% Cu). This two-stage approach is practised 

industrially by the Balkhash Copper Smelter (BMZ) and the Zhezkazgan Copper 

Smelter (ZMZ) of Kazakhmys Smelting LLP, both of which employ Vanyukov 

(PV) furnaces for concentrate smelting and Pierce–Smith converters for matte 

processing. While this combination is well established, the converting step 

represents a significant source of fugitive SO₂ emissions, process discontinuity, 

and capital cost [1, 2]. 

The concept of direct-to-blister smelting-producing blister copper in a single 

vessel without an intermediate matte-converting stage - has been explored by 

various technologies, including the Mitsubishi process, Ausmelt/ISASMELT, 

Noranda, Worcra, and horizontal or vertical converter configurations [3, 4, 5, 6]. 

A common challenge across all these approaches is the formation of copper-rich 

slags (5–10 wt.% Cu) that require separate treatment [3, 7]. Recent advances in 

slag cleaning and impoverishment have renewed interest in single-vessel direct 

smelting. Yang et al. [3] demonstrated that direct-to-blister smelting with a SiO₂–

FeO–CaO slag system achieves low energy consumption provided that SO₂ is 

efficiently captured. Tian et al. [8] reported laboratory-scale trials using high-

alumina chalcocite with an Al₂O₃–CaO–SiO₂ slag system. Wang et al. [9] 

investigated a calcium ferrite slag system in a single-furnace arrangement. Zhou 

et al. [4] conducted direct-to-blister experiments for high-grade concentrates in a 

single vessel. Wilkomirsky et al. [5] proposed continuous converting of copper 

matte in a high-intensity molten-layer reactor. Post-smelting copper quality is 

further governed by deoxidation kinetics: Lee et al. [10] studied Ar–CO gas 

bubbling through submerged tuyeres at 1473 K, while Coursol et al. [11, 12] 

examined oxide and sulfur removal using copper oxide formation and sodium 

carbonate fluxing, respectively. Vartiainen and Kytö [7] highlighted the potential 

of olivine-type slags for low-copper applications in quartz-rich systems. At the 

industrial scale, slag depletion in PV furnaces at the Balkhash Copper Smelter 

has been examined by Kenzhaliyev et al. [13], who established the dependence of 

waste-slag copper content on magnetite and zinc levels and proposed electric 

heating of the slag siphon as a means of improving phase separation; the same 

group subsequently reviewed reduction-zone options for a dual-zone PV 

configuration and proposed graphite-electrode heating as the most promising 

route to achieving low-copper waste slag [14]. Yakubov et al. [15] demonstrated 

that pre-reduction of converter slag with zinc-production clinker before charging 

to the Vanyukov furnace reduces the copper content in waste slag from 2.2-3.5 

wt.% to 0.58-0.72 wt.%, confirming the critical role of magnetite control in slag 

impoverishment. 

Thus, despite significant progress in direct-to-blister smelting across various 

reactor types and the accumulated operational experience with PV furnaces at 

BMZ and ZMZ, none of the published studies addresses the direct-to-blister 

mode specifically for the dual-zone Vanyukov furnace. All existing 

investigations in the field of direct-to-blister smelting have been conducted either 

on different reactor types or on laboratory model systems that do not reflect the 

industrial burden composition and structural characteristics of the PV furnace. 

The motivation for the present study arises from three converging factors. From 

an environmental standpoint, the batch-wise nature of Pierce–Smith converting 

necessarily involves exposure of the molten bath to the atmosphere during 

charging and discharging, making it the primary source of fugitive SO₂ emissions 

at copper smelters. At BMZ, the existing gas-handling infrastructure is designed 

for continuous off-gas flow, whereas the converting process generates an 

intermittent, difficult-to-capture SO₂ stream. Eliminating the converting stage 

would enable a transition from a batch process with fugitive SO₂ emissions to a 

continuous process with more efficient capture of sulfurous gases and their 

subsequent conversion to sulfuric acid. From an economic standpoint, Pierce–

Smith converters represent a significant capital and operating cost burden: 

refractory linings require frequent replacement, converter availability constrains 

plant throughput, and the multi-vessel arrangement demands an extensive crane 

and ladle infrastructure. A transition to direct smelting within the existing PV 

furnace shell would avoid the capital expenditure associated with converter 

replacement, reduce labour requirements, and improve process continuity. From a 

technological standpoint, the PV furnace is uniquely suited to this application: its 

submerged-lance autogenous smelting regime already operates at oxygen 

enrichment levels of 80-93 vol.% O₂, and its dual-zone configuration - with a 

dedicated reduction zone housed within a single vessel - provides a natural 
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solution to the magnetite control problem, which is the primary constraint on 

direct-to-blister smelting in single-zone reactors. Crucially, Kazakhmys Smelting 

LLP already operates PV furnaces at both BMZ and ZMZ, meaning that the 

transition to direct-to-blister mode would require optimisation of process 

parameters rather than capital-intensive equipment replacement. 

Consequently, the open literature contains virtually no quantitative data on 

oxygen consumption, thermal regime, slag chemistry, reduction zone 

performance, or material balance for the direct-to-blister process in a dual-zone 

Vanyukov furnace. The present study aims to address this gap through systematic 

determination of the key technological indicators using industrial feed materials 

and process data from BMZ. 

 

MATERIAL AND METHODS 

 

Feed materials 

All raw materials used in the study were supplied by the Balkhash Copper 

Smelter (BMZ) and the Zhezkazgan Copper Smelter (ZMZ) of Kazakhmys 

Smelting LLP. The standard PV furnace burden at BMZ contains approximately 

15–18 wt.% Cu, 29–32 wt.% S, 12–14 wt.% SiO₂, and 28–30 wt.% Fe. The 

quartz flux used in industrial practice contains ≥90 wt.% SiO₂. Slag samples for 

thermal analysis were collected from the PV furnace and Pierce–Smith converters 

during normal operation; the averaged compositions are reported in Table 1 [16]. 
For laboratory smelting trials, a synthetic burden was prepared with the following 

composition: 15.4 wt.% Cu, 30.2 wt.% S, 28.4 wt.% Fe, 15.0 wt.% SiO₂, 2.0 

wt.% Zn, and 0.4 wt.% Pb, closely matching the standard industrial burden. 

Additional quartz flux (95 wt.% SiO₂) was added in stages during the oxygen 

blowing procedure. 

 

Thermal analysis of slags 

The melting temperatures of PV furnace slag and converter slag were determined 

by synchronous thermal analysis (STA) using a NETZSCH STA 449 F3 Jupiter 

instrument. Prior to heating, the furnace chamber was evacuated and purged with 

high-purity argon for 5 minutes. Heating was conducted at 15 °C/min in a 

flowing high-purity argon atmosphere (110–120 mL/min total gas flow); cooling 

was performed at 17 °C/min down to 500 °C. Results were processed using 

NETZSCH Proteus software. 

Laboratory smelting experiments 

 

Laboratory smelts were carried out in a silite resistance furnace equipped with an 

alundum crucible and an alundum gas delivery tube. A schematic of the 

laboratory apparatus has been described previously. The burden was melted and 

then subjected to staged oxygen blowing; quartz flux was added in three portions 

during blowing.  The process temperature was maintained at 1300 °C throughout 

the oxygen-blowing stage. The specific oxygen consumption was 34 L per 100 g 

of burden (excluding the flux additions). Six replicate smelts were conducted to 

assess reproducibility. Products (blister copper and slag) were sampled after each 

smelt and analysed using standard wet-chemical and spectroscopic methods. 

 

Process balance calculations 

Thermodynamic and mass balance calculations for PV furnace operation were 

performed using the PV-BALH software package (developed by MISiS). 

Calculations were conducted for a standard throughput of 100 t/h of wet burden 

with 1 t/h of coal addition. The following parameters were systematically varied: 

(i) moisture content of the burden (5–10 wt.%); (ii) oxygen enrichment of the 

blast (KVS-1 tuyere blast, 80–93 vol.% O₂); (iii) specific oxygen consumption 

(160–470 Nm³/t burden); (iv) coal consumption in the reduction zone (0.5–4.0 

t/h). Temperature effects, off-gas volumes, and product compositions were 

calculated for each scenario. 

 

RESULTS AND DISCUSSION 

 

Characterisation of industrial slags 

The averaged compositions of PV furnace slag and converter slags collected at 

BMZ are presented in Table 1. The PV furnace slag contains 0.83 wt.% Cu, 

28.60 wt.% SiO₂, 38.36 wt.% Fe, 9.12 wt.% Fe₃O₄, and 4.50 wt.% Zn. The 

sequential converter slag samples (1st through 5th taps of the first converting 

period) show a progressive increase in Cu content from 2.20 to 4.97 wt.% and in 

Fe₃O₄ content from 17.90 to 25.90 wt.%, consistent with the approach to white 

metal composition towards the end of the first converting period. 

 

 

 

 

 

Table 1 Average composition of PV furnace slag and converter slags at BMZ, wt.% 

 

Slag type Component content, wt.% 

Cu SiO₂ CaO Fe Fe₃O₄ Zn Pb S Al₂O₃ MgO As 

PV furnace slag 0.83 28.6 1.74 38.36 9.12 4.5 0.7 1.8 5.23 1.2 0.12 

Conv. slag – 1st tap 2.2 23.8 1.2 41.3 17.9 5.3 3.5 1.1 4.75 3.8 0.11 

Conv. slag – 2nd tap 3.2 25.1 3.3 38.4 14.0 5.1 4.1 1.3 4.62 2.02 0.09 

Conv. slag – 4th tap 4.3 18.6 0.95 41.3 23.1 5.9 5.3 0.84 3.59 4.19 0.09 

Conv. slag – 5th tap 4.97 20.1 0.3 41.3 25.9 3.3 5.3 1.08 4.2 0.58 0.07 

 

Table 2 Content and distribution of iron and copper species in averaged converter slag 

 

Iron content, % Copper content, % 

Total Sulphide Oxidised Metallic Total Sulphide Oxidised Metallic 

50.8 42.3 12.3 0.1 7.68 0.32 5.4 1.96 

Distribution, %        

100 75.3 25.5 0.05 100 5.5 87.7 6.8 
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The iron and copper speciation in the averaged converter slag is summarised in 

Table 2. Of the total iron (50.8 wt.%), 75.3% is present in sulphide form and 

25.5% in oxidised form. Of the total copper (7.68 wt.%), 87.7% occurs in 

oxidised form and only 5.5% in sulphide form, with the remainder (6.8%) as 

metallic copper. 

Melting temperatures of industrial slags 

STA measurements indicated that the complete melting temperature of PV 

furnace slag is 1172.1 °C, while that of converter slag is 1195.2 °C. The onset of 

melting for converter slag was observed at approximately 1144 °C. The research 

results are shown in Figs 1–2 (PV furnace dump slag) and Figs 3–4 (converter 

slag). 

 

Figure 1 PV dump slag, heating 

 

Figure 2 PV dump slag, cooling 
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Figure 3 Converter slag, heating 

 

Figure 4 Converter slag, cooling 
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It can be concluded that the complete melting temperature of the investigated 

slags is relatively low, ranging from 1172–1195 °C. Thus, the optimal process 

temperature is determined not by the melting point of the slags but by the unit's 

ability to withstand thermal loads and is set at 1300 °C. In the event of 

insufficient heat from exothermic reactions, supplementary fuel combustion is 

utilized, including coal, coke, hydrocarbon gas, and fuel oil. To generate 

additional heat, the feed can include clinker, shungite, pyrite, pyrite concentrate, 

pig iron, and other components containing carbon, hydrocarbons, and metallic 

iron, which oxidize with the blast oxygen to release heat. The heat distribution 

during fuel oil combustion above the melt surface is presented in Table 3. 
 

 

Table 3 Heat distribution during supplementary oil supply 
Heat consumption 

items 
Oxidation of sulfides Combustion of heavy fuel oil 

Gcal % Gcal % 

Slag 16 29 0.6 9 
Matte 9 16 0.4 6 

Caissons 7 11 2.6 37 
Gases 15 25 1.4 20 
Other 11 19 2.0 28 
Total 58 100 7.7 100 

As can be seen from the table, most of the heat is consumed by heating the water 

of the water-cooling system and heating the off-gases. Thus, the optimal 

temperature for the charge oxidation process in the smelting zone of the furnace 

is determined not by the melting point of the slags but by the unit's ability to 

withstand thermal loads, and is set at 1300 °C. The use of supplementary fuel, in 

addition to the positive effect of heating the melt, is accompanied by increased 

off-gas volume (when using carbon-bearing fuel) and/or additional slag 

generation. 

 

Effect of burden moisture on off-gas composition and thermal balance 

The effect of burden moisture content on off-gas composition is presented in 

Table 4. As moisture increases from 5 to 10 wt.%, the water vapour content of 

the off-gas rises from 20.7 to 34.4 vol.%, while the SO₂ content decreases from 

49.0 to 39.9 vol.% and the total gas volume increases from 29.0 to 36.0 ×10³ 

Nm³/h. The corresponding effect on the thermal balance is shown in Table 5: an 

increase in moisture from 6 to 10 wt.% reduces the calculated melt temperature 

from 1305 to 1256 °C and increases the evaporation heat demand from 3105 to 

5154 ×10³ kcal/h, representing 5.3 to 8.7% of the total heat input. 

 

 

Table 4 Burden moisture effect on off-gas composition 
H₂O in burden, 

% 
H₂O in PV 

gases, % 
SO₂ in PV 

gases, % 
Gas volume, ×10³ 

Nm³/h 

5 20.7 49 29 
6 23.8 46 31.1 
7 26.8 44.2 32.4 

8 29.5 43.4 33.5 
9 32.0 41.4 34.7 
10 34.4 39.9 36.0 

 

 

 

 

Table 5 Effect of burden moisture on smelting temperature 
H₂O in 

burden, % 
Smelting 

temperature, °C 
Heat for 

evaporation, ×10³ 

kcal 

Share of heat 

balance, % 

6 1305 3105 5.3 
7 1292 3614 6.1 
8 1280 4125 6.9 

9 1268 4639 7.8 
10 1256 5154 8.7 

 

Specific oxygen consumption and melt temperature as a function of copper 

grade in the matte 

Balance calculations for varying specific oxygen consumption (Table 6, in the 

source report labelled Table 4) showed that increasing the target copper grade in 

the matte from 50 to 75 wt.% requires increasing the specific O₂ consumption 

from approximately 191 Nm³/t to approximately 233 Nm³/t of wet burden and 

raises the calculated smelting temperature from 1316 to 1464 °C. To achieve 

blister copper (≥95 wt.% Cu) directly, the specific oxygen consumption must be 

increased to at least 470 Nm³/t of burden. The corresponding smelting-zone 

temperature is expected to reach 1400 °C or higher, a level that must be 

accommodated within the thermal capacity of the water-cooled caisson structure. 

 

Laboratory direct-to-blister smelting trials 

The results of six replicate laboratory smelts are presented in Table 6. Blister 

copper with 94.24–96.31 wt.% Cu was consistently obtained. Iron and sulfur 

contents in the blister copper were low (Fe ≤ 0.09 wt.%; S ≤ 0.10 wt.%), and 

dissolved oxygen content ranged from 1.52 to 1.77 wt.%, consistent with the 

oxygen activity expected at the Cu–Cu₂O equilibrium near 1300 °C. The 

smelting-zone slags contained 3.34–3.61 wt.% Cu, 43.65–43.93 wt.% Fe, and 

27.95–28.91 wt.% SiO₂, confirming that their composition is analogous to that of 

converter slag from the first converting period. 

Table 6 Composition of blister copper and smelting-zone slag at 1300 °C (laboratory smelts) 

Smelt No. Blister copper, wt.% Slag, wt.% 

Cu Fe S Zn Pb O₂ Cu Fe Zn Pb SiO₂ CaO 

1 95.11 0.08 0.08 0.03 0.04 1.77 3.34 43.93 4.20 5.33 27.95 0.25 

2 96.11 0.08 0.08 0.04 0.04 1.72 3.34 43.88 4.10 5.29 28.91 0.25 

3 94.24 0.09 0.08 0.04 0.04 1.63 3.41 43.65 4.00 5.31 27.98 0.27 

4 95.21 0.08 0.09 0.04 0.04 1.60 3.50 43.87 4.51 5.37 28.05 0.25 

5 95.29 0.09 0.10 0.04 0.05 1.58 3.50 43.78 4.43 5.34 28.08 0.27 

6 96.31 0.09 0.09 0.04 0.04 1.52 3.61 43.78 4.53 5.39 28.13 0.29 
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Reduction zone: reductant consumption and operating parameters 

Industrial trials on the existing PV furnace examined the effect of coal addition to 

the melt surface. At a coal feed rate of 3 t/h, the average melt temperature at the 

slag overflow increased from 1220 to 1260 °C. However, this was accompanied 

by unacceptable operational consequences: off-gas temperatures at the boiler 

inlet increased from 800 to 1100 °C; the temperature at the boiler outlet rose 

from 550 to 620 °C; dust carry-over approximately doubled; accretion thickness 

in the slag siphon grew from 1100 to 1700 mm; and two burn-throughs occurred 

in the uptake shaft refractory. 
Stoichiometric calculation for magnetite reduction from 15 to 5 wt.% in slag 

(reaction Fe₃O₄ + C → 3FeO + CO) indicates a theoretical carbon requirement of 

5.2 kg per tonne of slag. The associated heat demand to raise 1 tonne of slag by 

100 °C is 28,500 kcal, equivalent to 2.85 kg of fuel oil or 5.2 kg of coal per tonne 

of slag. Industrial testing established that the maximum viable coal loading 

without exceeding cooling-system and gas-duct temperature limits is 1.5–2 t/h for 

run-of-mine coal (or screened nut-size coal). 

 

Overall material balance for direct-to-blister operation 

The calculated overall material balance for dual-zone PV furnace operation at 

100 t/h burden throughput in the direct-to-blister mode is presented in Table 7. 

The total input of 161.1 t/h yields 15.2 t/h of blister copper, 85.4 t/h of slag, 59.3 

t/h of off-gas, and 1.2 t/h of dust. 

Table 7 Overall material balance for direct-to-blister operation at 100 t/h burden 

throughput 
Component t/h 

Input  

Concentrate 100.0 
Coal (reductant) 10.0 

Oxygen 48.6 
Air 2.5 

Total input 161.1 

Output  

Blister copper 15.2 

Slag 85.4 
Off-gas 59.3 

Dust 1.2 

Total output 161.1 
 

 

DISCUSSION 

 

Slag system and melting behaviour 

The STA data confirm that both PV furnace slag and converter slag are fully 

molten at temperatures substantially below 1300 °C (complete melting at 1172 

and 1195 °C, respectively). This finding is significant because it establishes that 

the process's operating temperature is not constrained by slag liquidus 

temperatures but rather by the thermal capacity of the water-cooled caisson 

structure, the gas-handling system, and the waste-heat boiler. The operative upper 

limit of 1300 °C at the slag siphon, which is consistent with the temperature 

constraints of the existing BMZ infrastructure, therefore provides adequate 

superheat (approximately 100–130 °C) above the slag melting temperature to 

ensure satisfactory fluidity and phase separation [17]. 
The progressive enrichment of converter slag in Cu and Fe₃O₄ as the first 

converting period advances (Table 1) reflects the approaching white-metal 

endpoint. The fifth-tap converter slag (4.97 wt.% Cu, 25.90 wt.% Fe₃O₄) most 

closely resembles the slag that would be generated in the smelting zone of a 

direct-to-blister PV furnace operation—a conclusion corroborated by the 

laboratory smelt results (Table 5, smelting-zone slag: ∼3.3–3.6 wt.% Cu, Fe₃O₄ 

not directly reported but implied by the high iron content). 
The iron speciation data (Table 2) are important for understanding copper losses. 

With 87.7% of the total copper in oxidised form in converter slag, the primary 

loss mechanism is chemical dissolution rather than mechanical entrainment of 

sulphide droplets. This is consistent with published data for autogenous smelting 

processes [7, 18] and differs from the situation in matte-smelting slags, where 

mechanical losses dominate (~90% of non-ferrous metals in sulphide form, as 

reported for standard PV furnace operation [19, 16]). In the direct-to-blister 

mode, the absence of a separate sulphide-matte phase in the smelting zone means 

that any residual copper in the smelting-zone slag is primarily in dissolved oxidic 

form, which requires reducing conditions in the reduction zone for effective 

recovery. 
 
Burden composition and moisture constraints 
The calculations presented in Tables 3 and 4 demonstrate a strong sensitivity of 

process performance to burden moisture. Each unit increase in moisture content 

above 6 wt.% reduces the melt temperature by approximately 12 °C, increases 

the evaporation heat demand by ~514 ×10³ kcal/h, and dilutes the off-gas SO₂ 

concentration, which adversely affects the downstream sulfuric acid plant. At 

moisture contents below approximately 5 wt.%, dust carry-over increases sharply 

due to reduced burden cohesion during transport and charging. The identified 

optimum of ≤6 wt.% moisture is therefore a balance between heat efficiency and 

operational practicality. 
The minimum sulfur content of 30 wt.% in the burden is dictated by autogenous 

heat balance requirements: iron sulfide is the primary exothermic fuel for the 

process. A decline in sulfur (and hence iron sulfide) content below this threshold 

necessitates supplemental fuel combustion, which in turn increases off-gas 

volume and temperature and can compromise the acid plant's SO₂ concentration. 

The recommendation to maintain elevated sulfur content in imported eastern 

concentrates (≥37 wt.% S) even at the expense of copper grade reflects this 

thermodynamic priority. 
 
Oxygen requirements and transition to direct-to-blister operation 
The doubling of the specific oxygen consumption—from ~220 Nm³/t at the 

matte-smelting operating point to ~470 Nm³/t for blister copper production—

reflects the fundamental shift in the oxidation task: in conventional matte 

smelting, only a portion of the iron is oxidised to slag, while the remainder 

remains as iron sulfide in the matte; in direct-to-blister smelting, essentially all 

iron must be oxidised and slagged. This also necessitates approximately doubling 

the quartz flux addition (from ~10 to ~25–27 t/h for 90 wt.% SiO₂ flux) to 

maintain the target SiO₂ content of ≥30 wt.% in the slag, which is required to 

limit Fe₃O₄ formation and ensure adequate slag fluidity. 
Compared with published direct-to-blister studies, the oxygen requirements 

identified in the present work are broadly consistent with those reported for 

single-vessel systems. Yang et al. [3] similarly emphasised the importance of 

controlling slag chemistry in quartz flux systems. The slag system presented in 

[7] is less applicable to the present burden chemistry, which has a low calcium-

to-silica ratio; the SiO₂–FeO (fayalite-based) system remains the appropriate 

choice for the BMZ feed. 
 
Reduction zone performance and reductant limitations 
The reduction zone serves two functions: magnetite destruction (Fe₃O₄ + C → 

3FeO + CO) and thermal compensation for the endothermic reactions in that zone 

[14, 20]. The calculated stoichiometric carbon requirement of 5.2 kg/t slag for 

reducing magnetite from 15 to 5 wt.% falls within the viable range (̃ 5.2 kg coal/t 

slag equivalent), suggesting that the chemical demand for reduction is achievable 

at the maximum permissible coal loading, provided that the coal is well 

distributed over the melt surface. 
The key operational risk is that excess carbon accumulating in non-bubbled zones 

may undergo endothermic reduction reactions without exothermic compensation, 

leading to localised cooling and the formation of accretion in the smelting zone 

and siphons. This is consistent with the observed accretion growth during the 

high-coal trials. The magnetite content in the reduction-zone slag must therefore 

be controlled to ≤8 wt.% (target after reduction) with a reductant addition not 

exceeding approximately 8 wt.% of the slag mass to avoid over-reduction of iron 

to the metallic state, which would contaminate the blister copper product. 
In the broader literature, Wilkomirsky et al. [5] achieved continuous blister 

copper production from white matte in a high-intensity reactor, but that system 

used a pre-enriched sulphide feed that bypasses the magnetite reduction problem. 

The dual-zone PV furnace configuration investigated here must handle the full 

reducing burden in a single vessel, making the balance between reductant supply, 

heat generation, and magnetite dissolution particularly critical. 
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Novelty and industrial significance 
To the best of the authors’ knowledge, no operating plant currently employs the 

Vanyukov furnace in the direct-to-blister configuration. The present study 

provides the first systematic dataset for this process variant, covering burden 

composition, thermal balance, melting behaviour, oxygen consumption, slag 

chemistry, and reduction-zone constraints. The material balance (Table 7) 

indicates that at 100 t/h concentrate throughput, 15.2 t/h of blister copper and 

85.4 t/h of slag are produced, with 59.3 t/h of SO₂-bearing off-gas available for 

acid production. Elimination of the Pierce–Smith converting step would remove a 

major source of fugitive SO₂ emissions and process discontinuity at the BMZ and 

ZMZ copper smelters. 
 

CONCLUSION 

The following conclusions are drawn from the present investigation into direct-

to-blister smelting of copper sulfide concentrates in a dual-zone Vanyukov 

furnace: 

1. The complete melting temperatures of PV furnace slag and converter slag are 

1172.1 °C and 1195.2 °C, respectively. The operative process temperature of 

1300 °C provides a superheat of approximately 105–128 °C, which is determined 

by equipment constraints (water-cooled caissons, gas-duct system) rather than by 

slag liquidus temperatures. 

2. The optimal burden composition for autogenous direct-to-blister operation is: 

Cu ≥ 15 wt.%, S ≥ 30 wt.%, SiO₂ ≈ 15 wt.%, moisture ≤ 6 wt.%. Burden 

moisture above 6 wt.% reduces the melt temperature by approximately 12 °C per 

additional percent and dilutes SO₂ in the off-gas, impairing sulfuric acid 

production. 

3. The transition from matte smelting to direct-to-blister operation requires 

increasing the specific oxygen consumption from ~220 to ~470 Nm³/t of burden 

and increasing the quartz flux addition from ~10 to ~25–27 t/h (≥90 wt.% SiO₂), 

in order to fully oxidise iron and maintain the target slag SiO₂ content of ≥30 

wt.%. 

4. Laboratory direct-to-blister smelts at 1300 °C consistently yielded blister 

copper with 94.2–96.3 wt.% Cu (average ~95.2 wt.%), with Fe ≤ 0.09 wt.% and 

S ≤ 0.10 wt.%. Smelting-zone slag composition (Cu 3.3–3.6 wt.%, SiO₂ 28–29 

wt.%) was analogous to that of industrial converter slag. 

5. In the reduction zone, the maximum viable reductant (coal) loading is 1.5–2 t/h 

under current BMZ infrastructure constraints. The target slag composition after 

reduction-zone treatment should contain SiO₂ 28–32 wt.%, Fe₃O₄ ≤ 8 wt.%, and 

Cu ≤ 0.7 wt.%. Reductant addition should not exceed approximately 8 wt.% of 

slag to prevent over-reduction of iron to the metallic state. 

6. At a burden throughput of 100 t/h, the dual-zone PV furnace in direct-to-blister 

mode yields 15.2 t/h of blister copper, 85.4 t/h of slag, 59.3 t/h of off-gas, and 1.2 

t/h of dust. This configuration eliminates the Pierce–Smith converting step, 

offering potential benefits in SO₂ capture efficiency and process continuity. 
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