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ABSTRACT 

This work examines the possibility of incorporating borate-containing materials in order to improve the 

granule strength and reduce the copper losses to slag. A phase diagram of the Fe-S-Cu system was 

constructed, and a mathematical model with a numerical calculation program were created. Using 

complete thermodynamic modeling, the influence of the boric anhydride and borate ore on the pelletizing, 
drying, roasting, and matte production was analyzed. B2O3 enhanced the wet granule strength by forming 

crystalline hydrates (H2O∙B2O3), which dehydrated at 285 K and melted at 723 K, creating a strong sinter 

upon cooling. During smelting, boron-containing materials increased process efficiency and they decreased 

matte losses, creating low-melting, mobile slags. Additionally, borate ore containing montmorillonite 

ensured sufficient wet granule strength for transport, and its low-melting nature led to liquid phase 
formation during firing, producing a strong sinter upon cooling. 

Keywords-thermodynamic modeling; copper ore; granules; drying; roasting; matte 

I. INTRODUCTION  

Copper pyrometallurgy presents a number of challenges 
mainly related to the agglomeration of finely ground 
concentrates. Lignosulfonate, which is widely used for this 
purpose, does not completely address issues, such as the 
removal of materials from the smelting furnace and loss of 
copper in the slag. Several studies have examined new effective 

flux additives to improve the quality of copper granules. For 
example, attempts have been made to replace part of the 
lignosulfonate with copper sulfate [1] as well as with a solution 
of halite (sodium chlorite) [2-4], which did not yield the 
desired results in increasing the compressive and impact 
strength of the granules. Other studies have investigated the 
complete or partial replacement of lignosulfonate with sulfuric 
acid [5-7] to sulfidize the copper minerals. However, the 
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findings indicated no significant advantages in the granule 
strength and raised concerns due to equipment corrosion. Thus, 
the issue of finding effective flux additives to enhance the 
quality of copper granules remains relevant. This study aims to 
identify an additive that can simultaneously improve the 
granule strength and reduce the copper losses to slag. For this 
purpose, boric anhydride and natural ores containing it were 
examined. 

II. RESEARCH METHOD 

This study considered the application of boric anhydride 
and naturally occurring boron ores as possible additives to 
cooper concentrates. The choice of these materials was based 
on an experimentally found effect on blast furnace, 
steelmaking, and ferroalloy slags, where the addition of boron 
oxide led to a decrease in viscosity, crystallization temperature, 
density, and surface tension. A complete thermodynamic 
modeling of the pelletization, drying, roasting, and matte 
production processes was conducted. The modeling aimed to 
provide scientific substantiation for the proposed use of borate 
additives and to predict their influence on phase formation and 
system behavior under industrial conditions. A diagram of the 
phase composition of the Fe-S-Cu system as well as its 
mathematical model were developed. To achieve this, the 
triangulation method was utilized in which the diagram is 
represented as a set of elementary triangles of coexisting 
phases [8-10]. 

 

 
Fig. 1.  Diagram of the phase composition of the Fe-S-C system. 

Figure 1 illustrates the resulting phase diagram for the 
system under exploration, which consisted of nine triangles of 
coexisting phases:  

1. Cu-Fe-FeS, 

2. Cu-Cu5FeS4-FeS, 

3. CuFeS2-Cu5FeS4-FeS, 

4. CuFeS2-Cu5FeS4-FeS2, 

5. Cu5FeS4-CuS-FeS2, 

6. S-CuS-FeS2, 

7. Cu5FeS4-CuS-Cu2S, 

8. Cu-Cu5FeS4-Cu2S, 

9. FeS-FeS2-CuFeS2. 

III. RESULTS AND DISCUSSION 

From the resulting diagram, the phase composition of the 
concentrate based on its main elements was determined 
according to the rule of segments [11], which involves plotting 
its chemical composition onto the phase diagram. To facilitate 
these calculations, a mathematical model of the diagram was 
developed using a previously established method [12]. Such a 
model was created for each elementary triangle in the form of 
equations for the dependence of the phase composition of the 
concentrate on its chemical composition (Cu0, S0, Fe0). The 
resulting equations for all elementary triangles are presented in 
Table I. 

TABLE I.  SUMMARY CHARACTERISTICS OF THE FE-S-CU 
SYSTEM 

No Triangle Transformation equations 
Area, S, 

(m
2
) 

1 Cu-Fe-FeS 

С� � ���  

0.1579 �� � ��� –  1.741 ∙ ��  

��� � 2.741 ∙ ��  

2 

Cu-

Cu5FeS4-

FeS 

�� � ��� � 1.897 ∙ ���– 3.303 ∙ ��  

0.0527 ������� �– 2.996 ∙ ��� � 5.219 ∙ ��  

��� � 2.099 ∙ ���– 0.914 ∙ ��  

3 

CuFeS2-

Cu5FeS4-

FeS 

������ �– 4.321 ∙ ���– 8.198 ∙ ���  �

14.282 ∙ ��  

0.0122 
������� � 3.942 ∙ ��� � 4.483 ∙

���– 7.810 ∙ ��  

��� � 1.379 ∙ ��� � 4.715 ∙ ���– 5.472 ∙

��  

4 

CuFeS2-

Cu5FeS4- 

FeS2 

������ � 2.891 ∙ ��0 � 16.463 ∙

��0– 14.338 ∙ ��  

0.0089 
������� �– 0.02 ∙ ��� – 9.003 ∙ ���  �

7.841 ∙ ��  

���� �– 1.889 ∙ ��� – 6.460 ∙ ��� �

7.497 ∙ ��  

5 
Cu5FeS4-

CuS-FeS2 

������� � 2.631 ∙ ��� � 5.989 ∙

���– 5.216 ∙ ��  

0.0257 
��� �– 1.002 ∙ ��� – 5.705 ∙ ��� � 4.969 ∙

��  

���� �– 0.629 ∙ ��� � 0.716 ∙ ���  �

1.247 ∙ ��  

6 
S-CuS-

FeS2 

� �– 0.504 ∙ ���– 1.148 ∙ ��� �  ��  
0.1340 ��� � 1.504 ∙ ���  

���� � 2.148 ∙ ���  

7 
Cu5FeS4-

CuS-Cu2S 

������� � 8.984 ∙ ���  

0.0064 

��� �– 1.504 ∙ ���– 5.134 ∙ ��� � 5.964 ∙

��  

���� � 2.504 ∙ ���– 2.850 ∙ ���– 4.964 ∙

��  

8 

Cu-

Cu5FeS4-

Cu2S 

�� � ��� � 3.413 ∙ ���– 3.965 ∙ ��  

0.0097 ������4 � 8.985 ∙ ���  

���� �– 11.398 ∙ ��� � 4.965 ∙ ��  

9 
FeS-FeS2-

CuFeS2 

��� �– 0.00004 ∙ ��� � 3.147 ∙

���– 2.741 ∙ �  

0.0255 ���� �– 1.88762 ∙ ���– 2.147 ∙ ��� �

3.741 ∙ ��  

������ � 2.88766 ∙ ���  
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The area of each triangle (S) is also included in Table I. 
Among them, Triangle 1 exhibited the largest area, while 
Triangle 7 had the smallest. A larger area indicates a broader 
compositional stability range. Therefore, operating within 
Triangle 1 ensures more stable process performance, even in 
the presence of inevitable fluctuations in the chemical 
composition of the incoming materials-provided that this 
region also meets process manufacturability requirements. 

A computer program was created in order to automate these 
equations (Figure 2). After inputting the chemical composition 
of copper ore or concentrate through the console, the program 
identifies the elementary triangle and calculates its phase 
composition in mass percent. This tool accelerates the 
quantitative assessment of the phase composition of various 
copper raw materials based on their main elements. An 
example of model usage is presented in Table II after 
recalculating Cu, Fe, and S concentrations to 100% (numbers 
in parentheses) [5]. 

 

 
Fig. 2.  Computer program window. 

TABLE II.  CHEMICAL AND PHASE COMPOSITION OF 
CONCENTRATES [5] 

Concentrates

Kazakhstan  

Element content. wt.% 
Phase content (wt.%) 

Cu Fe S 

Zhezkazgan 
35.4 

(59.3) 

7.72 

(12.9) 

16.6 

(27.8) 

Cu Cu5FeS4 FeS 

88.33 5.03 6.63 

Nurkazgan 
21.7 

(28.1) 

24.5 

(31.8) 

30.94 

(40.1) 

CuFeS2 Cu5FeS4 FeS2 

29.09 28.00 
42.3

9 

Balkhash 
21.74 

(28.3) 

28.9 

(37.7) 

26.1 

(34.0) 

CuFeS2 Cu5FeS4 FeS2 

54.58 14.88 
30.5

3 

Mixture 
32.85 

(52.3) 

11.57 

(18.4) 

18.39 

(29.3) 

Cu5FeS4 CuS FeS2 

34.63 62.7 1.72 

 

The calculated results showed a good agreement with those 
determined experimentally [13-16]. Real concentrates, in 
addition to Fe, S, and Cu, also contained zinc, lead, calcium 
oxides, silicon, and other compounds. Therefore, a correct 
theoretical assessment of the processing of concentrates into 
final products (pellets, matte, slag) was carried out considering 
the chemical interaction of all components with each other. 

This opportunity can be provided by special 
thermodynamic complexes [17]. In this work, the TERRA 
software package was employed [18, 19]. The advantage of this 
approach was not only including all components of the initial 
concentrate, adding fluxes, and reducing agents, but also 
setting the temperature and the desired gas phase in the unit 
used. This enabled an accurate prediction of the compositions 
of both resulting condensed products and the released gases, 
which is important for optimizing the environmental 
requirements. 

Based in these calculations, a list of possible condensed and 
gaseous phases during the processing of the copper ore 
concentrate was established. Their thermochemical 
characteristics, such as enthalpy of formation, enthalpy 
increment, entropy at 298 K, temperature dependence of heat 
capacity, and others were entered into the thermodynamic 
database of TERRA. The dynamics of the phase changes over 
the temperature range of 300-1600 K were examined for the 
Zhezkazgan concentrate containing 39.5% Cu, 15.9% S, 7.95% 
Fe, 0.91% Zn, 1.96% Pb, 19, 1% SiO2, and 1.9% CaO, rounded 
with industrial water as a binder. For convenience, the matte, 
slag, and steam-gas parts were identified (Figures 3-4). 

 

(a) 

 

(b) 

 

Fig. 3.  Phase composition of: (a) matte and (b) slag part of granules, 

rounded with technical water. 

The dominant phase of the pelletized concentrate was 
bornite (Cu5FeS4). It also contained zinc (ZnS) and lead (PbS) 
sulfides (Figure 3(a)). Due to sulfur deficiency, the formation 
of metallic copper (Cu) occurred in the matte, which was also 
predicted by the earlier modeling calculations of the Fe-S-Cu 
system.  

The slag phase was mainly composed of silica (SiO2), iron 
monosilicate (FeSiO3), magnetite (Fe3O4), and wollastonite 
(CaSiO3) (Figure 3(b)). Under the equilibrium conditions 
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formed by the TERRA software, no copper compounds were 
present in the slag. 

Like any substance, a vapor-gas phase was formed above 
the concentrate (Figure 4). This was mainly water vapor (H2O) 
from the process, water used for pelletizing, hydrogen sulfide, 
as well as sulfur and its oxides. 

Noticeable changes in the granules prepared from the 
concentrate were observed during the process of heating them 
for drying and firing. Starting from 650 K, the amount of 
Cu5FeS4 in the matte part started to fall with the simultaneous 
appearance of Cu2S here and S2 in the gas. At 1150 K, Cu5FeS4 
completely disappeared, while chalcopyrite CuFeS2 appeared 
with a further increase in the Cu2S content. 

 

 
Fig. 4.  Phase composition of gas above the concentrate, rounded using 

technical water. 

This transition can be described schematically as follows:  

Cu�FeS� → CuFeS� � Cu�S  

Starting at 1200 K, the matte part of the granules mostly 
consisted of Cu2S, along with small amounts of FeS, PbS, and 
ZnS formed as a result of the transformation described by the 
reaction: 

CuFeS�  �  2Cu�S �  4FeS � S�  

B2O3 was tested as a binder in the production of granules 
instead of industrial water. Its consumption was set in the range 
of 0.5-5 % of the concentrate weight (Figures 5 and 6). It can 
be observed that even at the imbrication stage (300 K), the 
interaction of B2O3 with the moisture of the concentrate led to 
the formation of sassolite (H2O∙B2O3). According to the 
experience of pelletizing iron ore concentrates, the resulting 
sassolite crystals are known to increase their strength, reducing 
the need for regranulation due to fragmentation during the 
transportation of wet granules from the pelletizing shop to the 
roasting unit. The matte part of the granules was isolated 
(Figure 6) revealing no significant changes when compared 
with the granules made using water as a binder. 

When the granules were heat treated reaching 285 K, 
sassolite lost water, turning back into boron oxide. It was 
assumed that it could give the compound CuB2O4 with copper 

oxide by changing the matte part of the granules. Instead, 
thermodynamic modeling revealed that B2O3 preferred to react 
not with CuO (Figure 7), but with a stronger base, such as CaO 
(Figure 8). 

 

 
Fig. 5.  Effect of 5 % B2O3 on the phase composition of granules in the 

temperature range of 300-1600 K. 

 
Fig. 6.  Phase composition of the matte part of granules with 5 % B2O3. 

 
Fig. 7.  Thermodynamics of copper borate formation. 
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Fig. 8.  Thermodynamics of calcium borate formation. 

As a result, calcium borates CaB2O4 and Ca2B2O5 appeared, 
turning into slag (Figure 9). They reduced not only the 
viscosity, but also the surface tension of the slags [20-21]. 
These factors contributed to the merging of matte particles and 
increasing the rate of their settling from the slag. The slag also 
contained silica (SiO2), iron monosilicate (FeSiO3), 
wollastonite (CaSiO3), and magnetite (Fe3O4). 

 

 
Fig. 9.  Phase composition of the slag part of granules with 5% B2O3. 

In Kazakhstan there are borate ores, the average chemical 
composition of which can be characterized by the following 
data: 8.52 wt.% CaO, 9.8 wt.% MgO, 14.71 wt.% SiO2, 1.65 
wt.% Al2O3, 7.58 wt.% B2O3, 1.48 wt.% Fe2O3, 35.05 wt.% 
CaSO4, and 21.21 wt.% H2O. Their distinctive feature is the 
presence of montmorillonite, which is the main component of 
bentonites, allowing one to count on the manifestation of 
clumping properties by the ore. The melting temperature of 
ores is in the range of 1373-1473 K, and the viscosity at 
complete melting is 0.3-0.5 Pa∙s. 

Figures 10 and 11 present the effect of additives of 5% of 
this ore on the phase composition of granules from the copper 
ore concentrate. 

 
Fig. 10.  Phase composition of the matte part of the granules with the 

addition of 5% Inder borate ore. 

 
Fig. 11.  Phase composition of the slag part of the granules with the addition 

of 5% Inder borate ore. 

The matte part was dominated by Cu5FeS4 and Cu2S. At 
1150 K, Cu5FeS4 disappeared, CuFeS2 appeared, and the 
amount of Cu2S increased. Above 1200 K, the matte contained 
Cu2S, PbS, and ZnS (Figure 10).The slag part was composed of 
tridymite (SiO2), iron monosilicate (FeSiO3), wollastonite 
(CaSiO3), magnetite (Fe3O4), diopside (CaMgSi2O8), 
magnesium borates (Mg3B2O6, MgB4O7), and calcium sulfate 
(CaSO4). The influx of calcium oxide was sufficient not only 
for the formation of CaSiO3 and CaMgSi2O8, but also of a 
small amount of anorthite (CaAl2Si2O8) (Figure 11). Up to 600 
K, zinc oxide (ZnO) was present in the slag. 

The dynamic behavior of the phase changes of granules 
with an increase in the consumption of borate ore to 10% of the 
concentrate weight is displayed in Figures 12 and 13.The matte 
part of the granules was formed by Cu5FeS4, Cu2S, PbS, and 
ZnS, while chalcopyrite (CuFeS2) was absent (Figure 12). The 
slag was characterized by an increased content of effective 
thinners (Mg3B2O6, MgB4O7) and anhydride (CaSO4), which is 
a product of the transformation of gypsum (CaSO4∙2H2O). 
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Fig. 12.  Phase composition of the matte part of the granules with the 

addition of 10 % Inder borate ore. 

 
Fig. 13.  Phase composition of the slag part of the granules with the addition 

of 10% Inder borate ore. 

 
Fig. 14.  Composition of the gas phase above granules with an additive of 

10% Inder borate ore. 

In the gas phase, an increased amount of water vapor was 
detected from the hydration water of borate ore (21.21%) and 
the process water used for pelletizing the concentrate (8%). The 
gas also included oxides and sulfides of zinc, copper, lead, and 
boron (Figure 14). 

IV. CONCLUSION 

This study investigated the potential of boron-containing 
additives to enhance the performance of copper ore 
concentrates during pelletizing and smelting. A phase 
composition diagram for the Fe-S-Cu system was constructed, 
and a mathematical model with a computer program for 
numerical calculations of the phase composition was 
developed. Using complete thermodynamic modeling, the 
effects of boric anhydride and borate ore on each process were 
analyzed. The results demonstrated that the addition of B2O3 
and borate ore enhanced the wet granule through the formation 
of crystalline hydrates (H₂O·B2O3), which dehydrated at 
approximately 285 K and melted at 723 K. During smelting, 
boron-containing materials improved process efficiency and 
reduced matte losses by forming low-melting, mobile slags. 
Similarly, borate ore containing montmorillonite ensured 
sufficient wet granule strength for transport. Its low-melting 
nature led to liquid phase formation during firing, producing a 
strong sinter upon cooling. In summary, both B2O3 and borate 
ore are promising additives for copper concentrate processing, 
improving its overall performance, offering a dual benefit of 
mechanical strength and metallurgical efficiency. 
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