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Abstract: After selecting the appropriate pyrometallurgical or hydrometallurgical 

methods according to the type of ore used in copper production, electrometallurgical 

refining processes are applied to reach the desired purity level. When mechanical 

activation processes are applied before reduction processes, they have changed the 

traditional workflow scheme in many processes by both shortening the process and 

reducing energy consumption. This study constitutes the first stage of the direct re-

duction of chalcopyrite in the presence of carbon and quicklime. The mixture con-

sisting of biochar, quicklime and concentrated chalcopyrite was mixed in a stoichi-

ometric ratio and over-ground in a spex type mill for different periods of time. 

Changes in the physical structure of the over-ground mixture were examined by XRD, 

SEM and EDX images. XRD images showed that there was a large amount of 

amorphization in the crystal structure as a result of excessive grinding of the material 

for 60 minutes. According to the DLS analysis results, it was observed that the grain 

size decreased to 5240 nm due to increasing grinding time. 

 Keywords: advanced grinding; biocoal; chalcopyrite; direct reduction; spex. 

   

 

Kalkopirit Konsantresinin Karbon ile Direkt Redüksiyonundan Önce İleri 

Öğütme İşleminin Fiziksel Yapıda Oluşturduğu Değişimler 

Özet: Bakır üretiminde kullanılan cevherin cinsine göre uygun pirometalurjik veya 

hidrometalurjik yöntemler seçildikten sonra istenilen saflık seviyesine ulaşmak için 

elektrometalurjik rafinasyon işlemleri uygulanır. Mekanik aktivasyon işlemleri 

redüksiyon işlemlerinden önce uygulanarak hem süreci kısaltıp hem de enerji tü-

ketimini azaltarak birçok proseste geleneksel iş akış diyagramını değiştirmiştir. Bu 

çalışma, kalkopiritin karbon ve sönmemiş kireç varlığında doğrudan indirgenmesinin 

ilk aşamasını oluşturmaktadır. Stokiyometrik oranda karıştırılan biyokömür, kalko-

pirit konsantresi ve sönmemiş kireç spex tipi bir değirmende farklı sürelerde 

öğütülmüştür. Aşırı öğütülmüş karışımın fiziksel yapısındaki değişiklikler XRD, 

SEM ve EDX görüntüleri ile incelenmiştir. XRD görüntülerinde malzemenin 60 da-

kika boyunca aşırı öğütülmesi sonucu kristal yapısında büyük miktarda amorflaşma 

Received: 09.05.2024 

Accepted: 12.08.2024 

https://doi.org/10.29132/ijpas.1481272
https://dergipark.org.tr/tr/pub/ijpas
https://orcid.org/0000-0002-2340-6703
https://orcid.org/0000-0001-8362-7332
https://orcid.org/0009-0004-7003-6081
https://orcid.org/0000-0002-1593-5111
https://orcid.org/0000-0001-7443-0351
https://orcid.org/0000-0001-6766-1741


International Journal of Pure and Applied Sciences 10(2); 309-324 (2024)  
 

310 

 

olduğu görülmüştür. DLS analiz sonuçlarına göre artan öğütme süresi ile birlikte tane 

boyutunun 5240 nm’ye kadar düştüğü gözlemlenmiştir. 

Anahtar Kelimeler: biyokömür; doğrudan indirgeme; ileri öğütme; kalkopirit; spex.  

 

1. Introduction 

 Copper, one of the few metals in metallic form that can be used directly in nature, was discovered 

in B.C. It has been used since the 8000s. The oldest known copper remains were found in Çatalhöyük in 

Central Anatolia, and it was first used alone and later in the form of tin alloy bronze or bronze. The first 

copper production in Anatolia dates back to B.C. It was started by the Assyrians in 2000 B.C. from the 

deposits in Elazığ-Maden [1]. Of the minerals used in copper production, approximately 50% is 

chalcosite (Cu2S), 25% is chalcopyrite (CuFeS2), 3% is enargite (Cu3AsS4), 1% is other sulfur minerals, 

6-7% is native copper and 15% consists of oxide minerals. Copper ores found in nature generally con-

tain gangue minerals. In order to be produced by pyrometallurgical or hydrometallurgical methods, 

gangue minerals are first removed and the grade of the ores is increased through ore preparation and 

enrichment processes. Pyrometallurgical methods (Figure 1) are applied to sulfide, oxide and native 

copper ores, and hydrometallurgical methods (Figure 2) are applied to low grade oxide copper ores. 

Pre-enrichment processes are similar in both copper production methods [2]. In the final stage, by 

applying electrometallurgical methods, the impure copper obtained by both methods is subjected to 

electrolytic refining and converted into pure cathode copper. While 80% of the world copper production 

is made by pyrometallurgical methods, the remaining part includes hydrometallurgical methods [3]. 

The conventional methods for the production of non-ferrous metals from mineral sulphides are 

based on two main pyrometallurgical principles. In one case, the mineral sulphides are dead roasted (i.e. 

a complete elimination of sulphur from the sulphides by converting them to metallic oxides) and then 

treated in a furnace to reduce the metal oxides to metal. Alternatively, if the sulphide concentrates are 

rich and fine, they are directly charged into the Flash Smelting Furnace to produce matte. In particular, 

the production of sulphurous Cu, Ni, Co and Pb metals by traditional pyrometallurgical methods in-

volves different roasting, melting and conversion steps. The sulphur dioxide gas released during these 

steps causes major environmental problems. It is imperative to reduce sulphur dioxide emissions gen-

erated during pyrometallurgical processing of sulphurous ores [6-14]. Therefore, in recent years, many 

attempts have been made to develop new processes for the purification of copper sulphide concentrates 

that do not cause significant air pollution through SO2 emissions [3, 15-17]. 

Mechanical activation, defined by Smekal as “a process that increases the ability of the solid to 

react”, is widely used in extractive metallurgy. The advantages of mechanical activation include low-

ering reaction temperatures, increasing the amount and speed of solubility, formation of water-soluble 

substances, the need for a simpler and more economical reactor, and shorter reaction times [18]. 
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Figure 1. Pyrometallurgical copper production [4]. 

 

 

 
 

Figure 2. Hydrometallurgical copper production [5]. 

 

Mills used for advanced grinding; ball mill, planetary mill, vibrating mill, agitated ball mill (atri-

ator), spindle mill and rolling mill. Mills used for advanced grinding are given schematically in Figure 3 

[19]. 
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Figure 3. Mill Types Used for Advanced Grinding Process, A-Ball Mill, B-Planetary Mill, C-Vibrating Mill, 

D-Agitated Ball Mill (Atritor), E-Spindle Mill, F-Rolling Mill [19]. 

 

Mechanical activation process is a technique that has been applied at various stages of metal 

production processes from chrome [20], zinc [21], aluminum [22], manganese [18] and iron [23] ores 

and positive results have been obtained. The effect of mechanical activation on leaching processes in the 

production of copper ores by hydrometallurgical methods has been examined by many researchers 

[24-27]. 

Biomass is energy obtained from natural substances of plant or animal origin and causes less harm 

to the environment thanks to its low sulfur content. The ash produced by the combustion of biomass 

fuels is of a quality that can be used for agricultural purposes [23]. 

Almond is among the important hard-shelled fruits adapted to Turkey’s climate structure. Al-

monds can be grown in almost every region of our country except the Eastern Black Sea coastal regions 

and high plateaus [28]. Various studies have been conducted to evaluate almond shells. Generally, 

studies involve the removal of heavy metals or dyes by producing activated carbon from almond shells 

[29, 30]. Its use in soilless vegetable cultivation [31], pyrolysis [32] and biochar production [33] are the 

search for new usage areas that attract attention. 

In this article, we examined the effect of advanced grinding process, which is the first stage of our 

work to obtain directly reduced copper from chalcopyrite, change of the physical structure of mixture 

consisting of quicklime, chalcopyrite concentrate and biocoal. 

2. Experimental Study 

2.1. Material 

In the studies, chalcopyrite concentrate obtained from Yıldızlar Holding A.Ş., located in 

Elazığ-Maden district, was used. In addition, purchased calcium oxide and almond shells containing 

92.36% C and 0.018% S after at 700 
o
C for 4 h carbonization were used as biocoal. ICP-MS analysis of 

the chalcopyrite concentrate used in ARGETEST laboratory is given in Table 1. 

 

 

Table 1. Chemical analysis of chalcopyrite concentrate 

 

Component Amount Component Amount 

Cu 19.03 (%) Ag 12.06 (ppm) 

Fe 33.32 (%) Al 0.60 (%) 

S 26.56 (%) Co 1159.0 (ppm) 
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For advanced grinding processes, MTI Corporation SFM-3 Desk-Top High Speed Vibrating Ball 

Miller brand spex mill, shown in Figure 4 (a), was used. The spex chamber shown in Figure 4 (b), where 

the advanced grinding process is carried out, is a chamber specially manufactured from tungsten carbide 

with a depth of 56 mm, an inner diameter of 48 mm and a wall thickness of 7 mm. Steel balls with a 

diameter of 6 mm were used for advanced grinding. 

The advanced grinding process was carried out with a powder/ball ratio of 1/20 so that the stoi-

chiometrically prepared powders would fill one-third of the specimen chamber and 7.5 g of powder 

material (6,000 g CuFeS2 ore, 1.35 g CaO, 0.174 g C) and 150 g balls were weighed and placed in the 

specimen chamber. The advanced grinding process was determined as 15 min, 30 min, and 60 min. 

   

Figure 4. a) Spex mill, b) Spex chamber 

 

After the advanced grinding process, the spex chamber was opened in the glove-box and the op-

erations inside the box were carried out in a nitrogen gas atmosphere. Then the powders ground was 

taken out from the chamber in the glove-box and placed in zip lock bags. After further grinding, XRD 

analyses of both the ground samples and the original mixture were performed on a Rigaku Mini Flex 600 

brand X-Ray Diffractometer. 

After advanced grinding, thermal characterization experiments were carried out on the samples on 

a Shimadzu brand DTG-60AH model differential thermal analysis (DTA) device. TG/DTA analyses of 

the samples were performed by heating and cooling between 25-750 ⁰C, at a heating/cooling rate of 20 

⁰C/minute, in an air environment with a constant flow of 100 ml/minute. 

Dynamic light scattering was used to determine the size distribution profile of small particles in 

solution. The Particle Sizing System NICOMP 380, a product of Nicomp, Santa Barbara, California, 

uses Dynamic Light Scattering (DLS) to obtain the particle size distribution for samples with particles 

ranging from 2 nm to 10 microns. Through the use of the proprietary Nicomp analysis algorithm, the 380 

is able to analyse complex multi-modal distributions with the highest resolution and reproducibility 

available. 

 

2.2. Method 

Before starting the studies, the chalcopyrite concentrate was size analysed and it was determined 

that it had a grain size of -200 µm. Then, biocoal and CaO were pretreated to a size of -200 µm and 

(a) 

(b) 
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experiments were started. In the study, biocoal, chalcopyrite concentrate and quicklime (CaO) were 

prepared in stoichiometric ratio according to the equation (2.1) given below and further grinding was 

carried out in the spex mill. 

Before the grinding process, the powder mixture/ball ratio was determined as 1/20 and the mixture 

was prepared to fill one third of the spex chamber. Advanced grinding processes were carried out for 15 

min, 30 min and 60 min. The product obtained after grinding was removed from the mill chamber in a 

glove-box, and the samples were named S-15, S-30 and S-60 depending on the grinding times. XRD, 

SEM and TG/DTA analyses of the obtained powders were performed. 

 

CuFeS2(s) + 2CaO(s) + C(s)  = Cu(s)  +  FeO(s) + 2CaS(s) + CO(g)           (2.1) 

 

3. Results and Discussion 

3.1. XRD and DLS Analyzes 

XRD images of the advanced grinding and original mixture are given in Figure 5. Literature peak 

data of chalcopyrite are seen in Table 2. 

 

Figure 5. XRD images of the original mixture and the samples subjected to advanced grinding 
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Table 2. XRD literature peak data of chalcopyrite [34]. 

 

2 θ (o)  Intensity (au) 2 θ (o)  Intensity (au) 

29.25 100.00 58.30 10.50 

33.73 6.06 60.67 1.75 

34.26 2.89 70.93 4.56 

48.44 18.43 72.18 2.15 

48.84 35.88 78.51 3.47 

57.60 21.93 79.11 6.77 

 

It can be seen that the dominant peak of chalcopyrite in the original sample decreases depending 

on the advanced grinding time. It can be said that nanostructures are formed by grinding processes in the 

mill chamber. Grinding temperature is expected to have a significant effect on the formation of these 

structures. During grinding, two types of temperature effects are generally taken into account: local 

temperatures resulting from the collision of the balls with each other and with the powder material, and 

temperatures created by the balls hitting the walls inside the chamber. It can be said that with the ad-

vanced grinding process, the powders in the concentrate are affected by these two temperatures and the 

crystal structure is deteriorated. However, it appears that the silicate peak is not due to the milling 

process and remains without amorphization. According to the Mohs hardness scale, the hardness of 

quartz is 7. However, the hardness of steel balls is around 5.5-6 and that of chalcopyrite is around 3.5-4. 

Considering the grinding environment and grinding materials selected for the advanced grinding pro-

cess, the peaks of these minerals should not change after grinding. However, the chalcopyrite peak 

should be expected to decrease with grinding time. The analyses of Gaussian and Nicomp distributions 

in the water dispersion of advanced milled material as obtained by the Dynamic Light Scattering 

Method (DLS) is given Figures 6, 7 and 8.  

 

  

 
Cumulative Result: 

25 % of distribution < 1294.7 nm 50 % of distribution < 2552.8 nm 

75 % of distribution < 7104.2 nm 80 % of distribution < 9460.0 nm 

 

Figure 6. DLS analysis of the mixture subjected to 15 minutes of advanced grinding 
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Cumulative Result: 

25 % of distribution < 728.2 nm 50 % of distribution < 1444.7 nm 

75 % of distribution < 3961.9 nm 80 % of distribution < 5240.2 nm  

 

Figure 7. DLS analysis of the mixture subjected to 30 minutes of advanced grinding 

 

  

 

Cumulative Result: 

25 % of distribution < 1230.8 nm 50 % of distribution < 2410.7 nm 

75 % of distribution < 5020.4 nm 80 % of distribution < 6042.9 nm 

 

Figure 8. DLS analysis of the mixture subjected to 60 minutes of advanced grinding 

 

Size distribution profiles of the advanced milled powder particles were also determined with the 

use of the DLS method. Particle sizes were measured at 23 °C. Cumulative results are given below each 

figure. Based on DLS analysis (cumulative results), it can be seen that after 15 minutes of further 

grinding, more than 80% of the material is below 9460 nm, after 30 minutes of grinding is 5240.2 nm, 
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and after 60 minutes of grinding is 6024.9 nm. It can be seen that the results obtained from SEM analysis 

and the DLS method are comparable. 

 

3.2. SEM/EDX Analyses 

 

SEM images of the samples were taken after the advanced grinding process. According to the 

image in Figure 9 (a), most of the material has been ground down to sub-micron and has even started to 

clump. However, it is noteworthy that there are some grains that are not coarsely ground and whose 

crystal structure is not amorphous. It can be said that these grains are quartzite grains. 

 

(a)

 

 

(b)

 

 
Figure 9. (a) SEM (x5000) and (b) EDX images of the sample subjected to 15 minutes of grinding 

 

Figure 10 (a) and (b) and Figure 11 (a) and (b) show the SEM and EDX images of the samples that 

were subjected to advanced grinding for 30 minutes and 60 minutes, respectively. 

 

(a) 

 

(b)

  

 
Figure 10. (a) SEM (x5000) and (b) EDX images of the sample subjected to 30 minutes of grinding 

 

 



International Journal of Pure and Applied Sciences 10(2); 309-324 (2024)  
 

318 

 

(a) 

 

(b)

  

 
Figure 11. (a) SEM (x5000) and (b) EDX images of the sample subjected to 60 minutes of grinding 

When Figure 10 (a) and (b) and Figure 11 (a) and (b) are examined, it is understood that most of 

the material has gone below micron, and the grains that started to clump after 15 minutes of grinding are 

dispersed again. 

3.3. TG/DTA Analyses 

Thermo-gravimetric analysis (TG) is a technique that records the change in mass of the sample as 

a function of temperature. In the differential thermal analysis (DTA) method, the same temperature 

program is applied to the sample and a thermally inert reference material, and the difference between the 

two is measured as a function of temperature. These two substances are heated together by increasing 

the temperature smoothly. Dehydration, decomposition, melting, evaporation and sublimation events 

are endothermic, while amorphization, crystallization from amorphous state, solidification, formation of 

a new crystal structure from the crystal structure are exothermic [23]. 

TG/DTA curves characterizing the behavior of the original mixture against thermal effect are 

given in Figure 12. 

 

(a)  
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(b) 
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Figure 12. a) TG/DTA analysis, b) TGA analysis peak values of the original sample (taken in air) 
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In the TG/DTA images given in Figure 12 (a), it is seen that endothermic reactions occur in the 

mixture, starting at 380 
o
C and continuing up to 700 

o
C, and exothermic reactions begin and continue 

after 700 
o
C. These analyses performed in the atmospheric environment show that the oxygen in the air 

reacts with the sulphur in the chalcopyrite, therefore, first there is an increase in weight and endothermic 

reactions take place until the ignition temperature of the sulphur, and then exothermic reactions begin as 

a result of the burning of the sulphur. At a temperature of approximately 400 
o
C, the burning of carbon 

begins. When the TGA values given in Figure 12 (b) are examined, it is seen that the sample has lost 

approximately 16.905% weight. 

For the temperatures at which TG/DTA analyses were taken, it is stated in the literature that the 

reactions and fundamental changes occurring can be explained by the following reactions. Pyrite de-

composes according to the reaction (3.1) around 200-300 
o
C.  

FeS2(s) → FeS(s) +1/2S2(g)             (3.1) 

Thermal decomposition of chalcopyrite occurs according to equation (3.2) and yields elemental 

sulphur. 

2CuFeS2(s) → Cu2S(s) + 2FeS(s) + 1/2S2(s)         (3.2) 

Covellin (CuS), on the other hand, breaks down at 358 
o
C, releasing sulphur, according to equa-

tion (3.3). 

2CuS(s) → Cu2S(s) + 1/2 S2(g)           (3.3) 

All of these reactions are endothermic and require external energy. After these reactions, oxidation 

reactions begin to occur, and sulphur elimination reactions begin, all of which are exothermic [35]. 

According to TG/DTA analyses of the original sample in air, these endothermic reactions appear to 

occur between approximately 300-700 
o
C. The increase in weight after 400 

o
C can be said that iron 

sulphide and copper sulphide compounds reacting with the oxygen of the air are oxidized, first causing 

an increase in weight, and then with the start of exothermic reactions, these oxidized structures move 

away from the body, causing a decrease in weight. In the literature, it is stated that sulphation reactions 

occur directly between sulphur and oxygen, not through oxides, and that copper sulphate formation 

starts at 350 
o
C and is maximum at 550 

o
C, and that CuSO4 and CuO can combine to form basic sulphate 

(CuO.CuSO4) around 500 
o
C. It is claimed that sulphate will decompose into basic sulphate at 650 

o
C, 

and will turn into CuO and SO3 at 700 
o
C with the increase in temperature [35]. 

According to reactions (3.4) and (3.5), sulphates break down and cause the formation of ferrites. 

Copper ferrite formation begins at 600 
o
C. Further increase in temperature causes the formation of 

Cu2O.Fe2O3, which is a stable compound above 1100 
o
C. 

FeSO4 + Fe2O3 → FeO.Fe2O3 + SO3         (3.4) 

CuSO4 + Fe2O3 → CuO.Fe2O3 + SO3         (3.5) 
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Figure 13. TG/DTA analysis of the sample subjected to advanced grinding for 15 minutes 

TG/DTA analysis of the sample subjected to 15 minutes of advanced grinding is given in Figure 

13. When chalcopyrite is mixed with calcium oxide and carbon and then subjected to heat treatment, the 

sulphur of chalcopyrite will combine with calcium according to reaction (2.1), and calcium sulphide, 

iron oxide, carbon monoxide and metallic copper will be released. When the released carbon monoxide 

molecules collide with the chalcopyrite particles in the medium without coming into contact with the 

oxygen of the air, the reaction (3.6) may also partially occur. 

CuFeS2(s) + 2CaO(s) + C(s) = Cu(s) + FeO(s) + 2CaS(s) + CO(g)     (2.1) 

CuFeS2(s) + 2CaO(k) + CO(s) = Cu(s) + FeO(s) + 2CaS(s) + CO2(g)     (3.6) 

In this case, we can say that the reactions that sulphur gave in the original sample (Figure 12 (a) 

and (b)) did not occur here. Here, sulphur is held by CaO and CO2 or CO gas is released into the envi-

ronment. Therefore, weight loss will remain low depending on the amount of carbon added in stoi-

chiometric ratio. 
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Figure 14. TG/DTA analysis of the sample subjected to advanced grinding for 30 minutes 
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Figure 15. TG/DTA analysis of the sample subjected to advanced grinding for 60 minutes 

 

Figure 14 and Figure 15 show the TG/DTA analyses of the samples that were subjected to ad-

vanced grinding for 30 minutes and 60 minutes, respectively. When the images are examined, it can be 

said that after an almost 20% weight increase that started with endothermic reactions, an exothermic 

reaction started (⁓620 
o
C) and a tendency to decrease in weight started from this temperature. Howev-
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er, the total weight loss was not as in the original sample and remained lower. We can attribute the low 

weight loss to equation (2.1) above. 

4. Conclusion 

In this study, the changes in the physical structure of a mixture consisting of biocoal-chalcopyrite 

concentrate and quicklime, prepared for the direct reduction of chalcopyrite, were examined as a result 

of subjecting it to the advanced grinding process. 

Biocoal, chalcopyrite concentrate and quicklime (CaO) were blended in a stoichiometric ratio and 

subjected to further grinding in a spex mill. With the further grinding process, it was observed that the 

dominant peak of chalcopyrite in the original sample decreased depending on the further grinding time. 

It was concluded that the formation of nanostructures through grinding processes triggered this. Espe-

cially after 30 minutes of grinding, it is seen that 80% of the material falls below 5 µm. It was concluded 

that the powders in the concentrate were affected by these temperature increases as a result of both the 

local temperatures resulting from the collision of the balls with each other and the powder material 

during grinding, and the temperatures created by the balls hitting the walls in the chamber, and the 

crystal structure was deteriorated. However, it was observed that the silicate structure remained intact. 

When TG/DTA analyses were examined, it was seen that after an almost 20% weight increase that 

started with endothermic reactions, an exothermic reaction started (⁓620 
o
C) and a tendency to decrease 

in weight began from this temperature. However, the total weight loss was not as in the original sample 

and remained lower. 

This study constitutes the first part of the studies on the direct reduction of chalcopyrite with 

carbon. In the ongoing part of the study, a study investigating the effect of advanced grinding processes 

on the direct reduction of chalcopyrite concentrate with carbon and quicklime will be presented. 
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