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Abstract  
 

The objective of this study was to investigate electrochemical properties of grinding environment of the 

Sarcheshmeh porphyry copper sulphide ore. Influence of pH, solid content, water type, aeration condition and type of 

steel ball on pulp Eh, dissolved oxygen concentration (DO), open circuit potential (OCP) and EDTA extractable iron 

percentage and subsequently their influence on copper flotation were investigated. The results indicated that the low 

alloy steel balls had the lower Eh and DO values in relation to the high carbon chromium steel balls. The low alloy 

steel produces oxidized iron inside mill and reduces copper flotation. Gas changes from nitrogen to air and to oxygen 

resulted in higher Eh, DO and OCP values and consequently were caused formation of additional amount of oxidized 

iron species and lowered copper recovery. In addition, an increase in grinding pH and solid content and change of 

water type from tap water to distilled water decreased Eh and DO values and amount of EDTA extractable iron. It 

enhanced copper flotation. 

 

Key words: grinding environment; pulp potential; dissolved oxygen; open circuit potential; EDTA extractable 

iron; copper recovery. 

 
1. Introduction 

 

In mineral processing, grinding is vitally 

important and dictates the success of 

downstream processes. Traditionally, grinding 

mills were only considered as devices to 

reduce particle size and liberate minerals                 

so that value metals can be extracted 

economically by flotation, hydrometallurgy, 

pyrometallurgy or a combination of them [1]. 

The grinding process inevitably involves 

contact of the ore (minerals) with the surface 

of grinding device and the grinding medium. 

This not only causes wear, but also 

contamination of the ore with wear debris as 

well as with precipitated species on the ore 

surfaces, which this is often deleterious to 

copper flotation. Consequently, when a 

sulphide ore is subjected to wet grinding, 

corrosion of the ore and medium could be lead 

to complex interactions, such as galvanic 

effects, changes in the Eh of solution and the 

dissolution and precipitation of species on the 

ore surfaces. Galvanic interactions between 

the steel grinding media and sulphide ores 

increase steel consumption and reduce the 

corrosion of more noble sulphides, with 

commensurate higher oxygen consumption, 

and the possible precipitation of iron species 

on the ore particles [2-6]. There is some 

evidence that galvanic interactions between 

sulphide minerals and media during grinding 

can also affect froth stability and hence 

selectivity. In addition to the interactions 
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between the grinding media and the sulphide 

minerals, there are also galvanic interactions 

between the sulphide minerals themselves, 

and these galvanic interactions play an 

important role in the separation efficiency in 

subsequent flotation [7]. 

Flotation is an important and versatile 

mineral processing step used to achieve 

selective separation of minerals and gangue. It 

utilizes the hydrophobic (aerophilic) nature of 

mineral surfaces and their propensity to attach 

to rising air bubbles in a water–ore pulp as the 

basis for separation [9]. 

There are many investigations on the 

electrochemical behaviors in grinding system 

and significance of grinding environment in 

mineral and ore flotation [8, 10-25] but these 

investigations are not reported for grinding of 

porphyry copper sulphide ores. Therefore, this 

paper was aimed to study electrochemical 

behavior inside ball mills and influence of 

milling environment (pulp chemistry) on 

flotation process. This study was carried out 

on the Sarcheshmeh porphyry copper sulphide 

ore. The Sarcheshmeh copper ore is a major 

porphyry copper deposit, which is located in 

Kerman Province in the southeastern part of 

Iran. 

 

2. Experimental section 

 

2.1. Materials 

 

The obtained samples from the ball mills 

input of the Sarcheshmeh copper mine were 

crushed in a jaw crusher (Fritsch 01.703). The 

size fraction of -2000 +250 micrometers was 

collected for experiments. Samples was then 

homogenized and sealed in polyethylene bags. 

Samples were chemically analyzed which 

their chemical compositions presented in 

Table 1. 

 

Table 1. Chemical composition of the Sarcheshmeh ore sample accompanying with size 

fractions (Wt %) 

Element Cu Fe Mo S SiO2 Al2O3 

Weight, % 0.74 4.34 0.032 3.05 55.07 14.35 

 

Samples of single crystalline pyrite and 

chalcopyrite were obtained to construct 

mineral electrodes from the Meiduck copper 

mine in the city of Babak, Kerman Province 

of Iran, and the Ghaleh Zari mine in Birjand 

city in south Khorasan Province of Iran, 

respectively. 

Two type of steel ball were employed as 

grinding media, which their chemical 

compositions presented in Table 2.  

 

Table 2. Chemical compositions of the grinding media 

Ball type Chemical compositions (Weight, %) 

High carbon chrome 

steel (HS) 

C Si S P Mn Cr Mo Cu 

2.28 0.698 0.049 0 1 13.25 0.177 0.044 

Low alloy steel (LS) 0.249 0.173 0.024 0.018 0.586 0.019 0.002 0.012 

 

Sodium hydroxide was used as pH 

modifier to maintain the pH at the targeted 

value during grinding. Lime (CaO) was also 

used as modifier of pH in flotation process. 

Z11 (sodium isopropyl xanthate) and 

mercaptobenzothiazole were used as collector 

and MIBC (methyl isoboutyl carbinol) and 

F742 (polypropylene glycol) were applied as 

frother. 
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Minerals and medium electrodes for 

electrochemical study were prepared 

according to the following procedure. 

Synthetic and natural mineral samples were 

cut into 0.7× 0.7 cm to fill in a Teflon tube. 

Copper wires were connected to the shaped 

medium and minerals with silver epoxy before 

they were encapsulated in epoxy resin. A 

fresh surface was generated before each 

experiment with 500 grit silicon carbide paper 

and then cleaned with acetone and double 

distilled water. After each experiment, the 

used working electrodes (minerals and 

medium) were repolished and then reused. 

 

2.2. Grinding 

 

In order to study the electrochemical 

behaviors of grinding environment of the 

Sarcheshmeh ore, a specialized grinding 

system was designed in R&D of the 

Sarcheshmeh copper mine that involved a 

specialized ball mill, electrochemical 

equipments, including, potentiostat/ galvano-

stat coupled with a personal computer for data 

acquisition and potential control accompanied 

by a three-electrode system, the gas purging 

system and meters for monitoring chemical 

conditions (Eh, pH and DO). Schematic 

representation of the specially designed 

grinding system (ball mill) is presented in        

Fig. 1. 

 

 
Figure 1. Schematic representation of specially 

designed ball mill 

 

This mill was constructed using a stainless 

steel pipe with 21cm of diameter and length of 

30 cm with a wall thickness of 0.7 cm  

The pulp chemistry and electrochemistry 

during grinding were investigated by 

measuring the pulp potential (Eh), open 

circuit potential (OCP) and dissolved oxygen 

(DO). Milling experiments on the samples 

under different experimental conditions at the 

selected levels of parameters were conducted, 

using the specialized ball mill. The samples 

were ground with 8 kg ball in mixing of 12.7, 

19.05 and 25.4 millimeters in diameter by 

steel balls such as 70% of particles were finer 

than 75 micrometer in diameter. In order to 

conduct experiments, first, the ore, media, 

water and reagents to the mill was added and 

the mill turns on. The grinding chamber was 

filled with air. The air needs to be consumed / 

replaced before the system reaches a point 

where it is similar to that of an operating 

plant. Therefore, in our test work we purged 

the mill with nitrogen for about 7 minutes 

before rotating the mill at a low speed (~10 

rpm for about 3 minutes) to displace oxygen 

from the atmosphere and aqueous phase. 

Then, we controlled the gas addition during 

grinding to achieve the desired Eh and DO 

levels in the mill discharge. 

 

2.3. EDTA extraction technique 

 

The EDTA (ethylene diamine-tetra acetic 

acid disodium) extraction process was used to 

determine the amount of oxidized iron species 

from minerals and/or grinding media as a 

measure of the corrosion of the system. It is 

not an accurate measure, but it gives general 

information on the process. The EDTA 

extraction technique was carried out on the 

ball mill discharge [26-28]: 

A 3 per cent by weight solution of ethylene 

diamine-tetra acetic acid disodium salt was 

prepared and solution pH was adjusted to 7.5 

with sodium hydroxide. A 250 ml of the 
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EDTA solution was placed into a beaker and 

stirred using a magnetic stirrer. A 25 ml 

sample of the pulp was collected from mill 

discharge. Samples were weighted to 

determine the mass of the pulp. The pulp was 

injected into the EDTA solution and then 

stirred for 5 minutes. At the end of the 5 

minutes of extraction, the sample was filtered 

through a 0.22 micron Millipore filter paper 

using a vacuum filter. The filtrate                        

was analyzed using atomic absorption 

spectroscopy (AAS). The solids from bulk 

sample from which we collected 25 ml of pulp 

were assayed. Finally, the per cent EDTA 

extractable iron was determined by dividing 

the mass of iron in the solution by the total 

mass of iron in the solids. 

 

2.4. Flotation 

 

After grinding, the pulp was transferred to 

a 1.5 liter flotation cell. Flotation tests were 

conducted using a Denver flotation machine at 

the impeller speed of 1400 rpm. The pulp 

density was adjusted to 28% solids by volume 

at the beginning of each test. The slurry pH 

was set to be 11.8, which CaO was used for 

adjusting pH. Then 40 g/t collectors of Z11 

(15 g/t) and mercaptobenzothiazole (25 g/t) 

were added to the cell and after 1 minutes, 30 

g/t frothers of MIBC (15 g/t) and F742 

(polypropylene glycol) (15 g/t) were added to 

the cell and finally after 2 minutes, air was 

opened and flowed inside the cell and the 

collecting of the froth was started. The 

concentrate froth samples were collected at 

the intervals of .5, 2, 4 and 8 min. The 

flotation froth was scraped every 10 s. Finally, 

the concentrate and tailing samples were 

filtered, dried and assayed. 

 

3. Results and discussion 

 

In order to investigate chemistry and 

electrochemistry inside mill, effects of five 

main factors (pH, solid content, water 

chemistry, gas purging and medium type) on 

the pulp potential, rest potential (open circuit 

potential) and dissolved oxygen concentration 

under different grinding conditions by 

measuring the Eh, OCP and DO were studied 

(Figs. 2-6). 

Figure 2 indicates the effect of the type of 

the grinding media and different aeration 

conditions on the Eh during milling, when 

pulp pH, solid percentage and used water 

were 7-7.5, 35 and tap water, respectively. 

Figure 3 shows the effect of pH, solid content 

and water type (water chemistry) of on Eh 

during grinding of ore with the low alloy steel 

ball without aeration, when the values of all 

factors were constant except one which 

changes. All potentials were measured and 

reported versus the Ag/AgCl (3.0 M KCl) 

reference electrode (+210 mV vs. SHE). 

 

 
Figure 2. Influence of low alloy and high 

carbon chromium steel balls and different 

aeration conditions on pulp potential (Eh) at 

pH 7-7.5 and solid percentage equal to 35 % 

during grinding 
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Figure 3. Influence of pH, solid content and 

water type on pulp potential (Eh) during 

grinding of ore with low alloy steel ball 

without aeration conditions 

 

It can be seen from Fig. 2 that steel ball 

type and aeration conditions are affecting pulp 

potential and alter the oxidation-reduction 

environment during grinding. Oxygenation 

during grinding and the use of the high carbon 

chromium steel ball as the grinding media 

increase the Eh value. This may be due to the 

high oxygen concentration (Fig. 4) but 

nitrogenization and the use of low alloy steel 

ball as medium result in a lower Eh value. 

It is apparent from Fig. 3 that an increase 

in pulp pH and solid percentage decreases the 

Eh value and lead to a reducing environment. 

It is also observed that with the change of the 

water type from tap water to distilled water, 

the pulp potential is reduced. 

Figures 4 and 5 indicate the effect of steel 

ball type and aeration conditions and effect of 

pH, solid content and water type on dissolved 

oxygen concentration, respectively. It was 

found that the obtained trends for dissolved 

oxygen concentration were similar to those 

attained for Eh.  

As can be seen, when oxygen is added               

to grinding system DO value increases 

markedly, while grinding under nitrogen 

provides DO value closed to zero. 

 
Figure 4. Influence of low alloy and high 

carbon chromium steel balls and different 

aeration conditions on dissolved oxygen (DO) 

at pH 7-7.5 and solid percentage equal to 35 % 

during grinding 
 

 
Figure 5. Influence of pH, solid content and 

water type on dissolved oxygen (DO) during 

grinding of ore with low alloy steel ball 

without aeration conditions 
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The rest potential or open circuit potential 

is as one of the important electrochemical 

properties that is not only an indication of the 

susceptibility of a material to corrosion, but 

also determines the role of grinding media and 

sulphide minerals in the galvanic couple when 

exposed to the same environment [22]. 

Therefore, the steady-state electrode 

potentials (rest potential or open circuit 

potential) for chalcopyrite, pyrite, low alloy 

steel ball under different aeration conditions 

during grinding of the Sarcheshmeh ore as a 

function of grinding time was measured, and 

illustrated in Fig. 6.  

 
Figure 6. Influence of low alloy and high 

carbon chromium steel balls and different 

aeration conditions on open circuit potential at 

pH 7-7.5 and solid content equal to 35% during 

grinding. 

 

This figure exhibits the effect of two types 

of grinding media and injecting three types of 

gas (oxygen, air and nitrogen) into mill on the 

open circuit potential at pH, 7-7.5 and solid 

percentage equal to 35 when tap water is used. 

As can be observed, the open circuits potential 

of both steel ball and minerals are 

significantly influenced by the different 

aeration condition and type medium in 

grinding of the Sarcheshmeh ore. It is seen 

that with increasing grinding time the rest 

potentials increase in the presence of oxygen. 

The grinding media were found to be more 

“noble” than the minerals.After determining 

the electrochemical behaviour of grinding 

environment of the Sarcheshmeh copper ore, 

EDTA and flotation experiments were carried 

out to study the role of factors affecting the 

grinding environment on the corrosion of 

grinding system and the flotation process. 

Results were presented in Figs. 7-9 and              

Table 3.  
 

            

           (a) 

 
 

       (b) 

 

Figure 7. Influence of grinding pH (a) and 

solid percentage (b) on copper recovery  
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Figure 8. Correlation between EDTA extract-

able iron percentage and copper recovery 

 

 
Figure 9. Correlation between EDTA extract-

able iron percentage and concentrate grade             

(Cu %) for low alloy and high carbon 

chromium steel balls 

 

According to the results of Figures 7, 8 and 

9 and Table 3, several observations can be 

obtained. The changes of gas from nitrogen to 

air and to oxygen and change of medium type 

from high carbon chromium to low alloy steel 

ball influence the oxidation conditions and led 

to more oxidized iron (Table 3).  Consequently, 

the increased oxidized iron amount causes a 

stronger galvanic couple between balls and 

minerals during grinding and increases 

corrosion rate of the balls. These trends may 

be caused by the fact that the considered 

factors significantly alter the pulp potential 

and dissolved oxygen concentration during 

grinding as shown in Figs. 2-5. 

Similar trends are also observed at the 

lower pH and solid content and when the tap 

water is used. This may be due to the 

formation of passive ferric oxide at high pH 

and solid percentage. 

These factors strongly affect copper 

recovery. When the Sarcheshmeh ore is 

ground with high carbon chromium steel balls 

in the presence of nitrogen, the highest 

recovery of copper is obtained in flotation, 

while the presence of oxygen in the mill 

produces an increase amount of iron species 

from the grinding media on copper minerals 

surface from ore and reduces copper recovery 

in flotation. As can see, the low alloy steel 

ball causes lower recovery of copper. These 

effects of grinding media on flotation have 

been attributed to either the metal oxidation 

species, derived from grinding media, which 

decrease the flotation recovery [13, 29-30] or 

sulphur rich oxidation species, derived from 

the mineral, which increase the mineral 

flotation recovery [12]. 

It is also observed that the increase in 

grinding pH and solid content raise copper 

flotation (Figure 7).  

According to Figure 7, grinding pH and 

solid content can be correlated with copper 

recovery by equations 1 and 2, respectively. 

998.0,18.11963.1173.0 22  Rxxy    (1) 

954.0,438.6)ln(36.18 2  Rxy  (2) 

 

In addition, it is seen that the water 

chemistry in the grinding stage influences 

copper recovery. 

It can be found from the presented results 

(Table 3 and Figures 8 and 9) that the 

produced amount of oxidized iron species in 
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the mill significantly influences copper 

recovery and concentrate grade in flotation 

process. Copper recovery is decreased with 

increasing oxidized iron for both low alloy 

steel ball and high carbon chromium steel 

ball, while the grade of the concentrate is 

increased for one type of steel ball. As can be 

considered in Table 3, grinding system under 

nitrogen and high carbon chromium steel ball 

are resulted in the better recoveries and 

grades.  

Figure 8 indicates a relationship between 

copper recovery and amount of oxidized iron, 

which recovery (y) is depended on the 

produced amount of oxidized iron (%) inside 

mill (x) and can be expressed by the following 

regression equation: 

975.0,72.48)ln(7.12 2  Rxy  (3) 

It is apparent from Fig. 8 that a greater 

oxidation of iron (EDTA extractable iron 

percentage) results in a greater decrease of 

copper recovery. 

Figure 9 shows that concentrate grade is 

correlated with EDTA extractable iron 

percentage for low alloy and high carbon 

chromium steel balls by regression equations 

4 and 5, respectively. 

976.0,03.12)ln(342.1 2  Rxy     (4) 

967.0,89.14)ln(577.1 2  Rxy     (5) 

 

Table 3. EDTA extractable iron percentage and copper recovery of flotation under different 

grinding conditions 

Factors  

pH 
Solid 

(%) 

Gas 

purging 

(l/min) 

Water 

type 
Ball type 

EDTA 

extractable 

Fe (%) 

Copper 

recovery 

(%) 

Concentrate 

grade (Cu %) 

 

7-7.5 35 Non gas Tap LS 0.185 73.41 9.91 

10.10.5 35 Non gas Tap LS 0.095 77.99 9.08 

7-7.5 55 Non gas Tap LS 0.089 78.62 8.6 

7-7.5 35 Non gas Distilled LS 0.091 78.17 8.95 

7-7.5 35 O2 Tap LS 0.501 55.03 11.05 

7-7.5 35 Air Tap LS 0.362 60.99 10.6 

7-7.5 35 N2 Tap LS 0.064 83.41 8.15 

7-7.5 35 Non gas Tap HS 0.084 80.47 10.91 

10.10.5 35 Non gas Tap HS 0.058 84.61 10.66 

7-7.5 55 Non gas Tap HS 0.049 87.8 10.01 

7-7.5 35 Non gas Distilled HS 0.057 85.69 10.37 

7-7.5 35 O2 Tap HS 0.196 72.69 12.15 

7-7.5 35 Air Tap HS 0.121 75.4 11.8 

7-7.5 35 N2 Tap HS 0.032 91.71 9.38 

 

4. Conclusions 

 

Electrochemical characteristics of factors 

affecting grinding environment of the 

Sarcheshmeh porphyry copper sulphide ore 

and flotation were studied by measurement of  

the pulp potential, rest potential, dissolved 

oxygen concentration and amount of oxidized  

 

iron derived from steel balls and minerals. 

The results can be summarized as it follows. 

I. Steel ball type and aeration conditions 

significantly influence electrochemical 

properties of the slurry inside the mill 

(i.e. pulp potential, open circuit potential 

and dissolved oxygen concentration) and 
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cause oxidation-reduction environment 

during grinding. 

II. The water chemistry changes from tap 

water to distilled water and increases 

pulp pH and solid percentage, reduces the 

pulp potential (Eh) and dissolved oxygen 

(DO) leading to a reducing environment. 

III. The gas changes from nitrogen to air and 

to oxygen due to creation of oxidation 

conditions (high Eh and DO value) 

resulted in a further amount of oxidized 

iron species (EDTA extractable iron 

percentage) and consequently lower 

copper recovery (copper floatability) 

while the concentrate grade was slightly 

increased with increasing amount of 

oxidized iron inside mill for one type of 

steel ball. 

IV. Low alloy steel ball produced higher 

amount of EDTA-extractable-iron in the 

mill relatively to high carbon chromium 

steel ball and significantly reduced 

copper recovery in presence of oxygen. 

Also, a change of the ball type from low 

alloy to high carbon chromium steel ball 

enhanced the slurry Eh and DO value. 

V. Increase in grinding pH and solid content 

enhanced copper recovery. This may be 

due to a reduced amount of oxidized iron 

inside the mill and formation of a passive 

ferric oxide film on the steel balls.                      

In addition, regression equations were 

suggested for relationship between                

copper recovery and grinding pH 

( 998.0,18.11963.1173.0 22  Rxxy

) as well as between copper recovery and 

solid content ( 954.0,438.6)ln(36.18 2  Rxy ). 

VI. Water type is another factor that affects 

the EDTA-extractable-iron percentage 

and subsequently copper recovery. 

VII. Copper recovery can be correlated with 

the amount of oxidized iron species of 

the mill slurry by a logarithmic 

regression equation ( 72.48)ln(7.12  xy ). 
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