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ABSTRACT: This study presents a novel method of thermodynamic properties description of liquid Cu-O 

solutions which is based on selection of infinite dilute solution as the reference state  01 ][][  OO xfor  

for oxygen dissolved in copper. For this reference state the following relationships were established: 

 

1. The equilibrium constant for the reaction of oxygen dissolution in liquid copper: 

                                        

085.5
9810

ln ][ 
T

K O

 

 
2. The Gibbs energy of  reaction of oxygen dissolution in liquid copper:  

 

         
TG O  276.4281560][                    

1])[(  OmolJ   

 

3. The chemical potential of the oxygen in infinite dilute solution:  

 

                                      TO  020.8760908][                     
1])[(  OmolJ  

 

4. The activity coefficient of the oxygen dissolved in liquid copper: 

 

                                              ][][ 204.7ln OO x
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I. INTRODUCTION 

In fire refining processes of copper, thermodynamic properties of the oxygen dissolved in copper are of 

considerable interest. These properties have been a subject of numerous investigations [1-35], however, reported 

results differ considerably. For example, values of the Gibbs energy for the process of oxygen dissolution in 

liquid copper show considerable disagreement which is illustrated in Fig. 1 [29]. The objective of this study was 

to reconcile this disagreement in Cu-O thermodynamic properties.                          
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Fig. 1. The Gibbs energy of dissolution of oxygen in liquid copper as a function of temperature reported 

by different authors (Fig. 1 is taken from [29]). 

 

The process of oxygen dissolution in liquid copper can be written in form of the reaction: 

 

                                                             CuOO ][
2

1
2                                                           (1)      

                                                            

Thermodynamic properties of the dissolved oxygen in liquid copper have been investigated with two 

distinct methods. 

     The first method is based on equilibration of liquid copper with a gas atmosphere with strictly defined 

oxygen pressure. In order to obtain a desired oxygen pressure the following gas mixtures were used: 

2)(2 HOH g [2, 15], COCO2 [1], 2OAr [21], or pure oxygen under low pressure [30].   Results 

of this kind of experiments are the oxygen dissolved in liquid copper, and its concentration depends on oxygen 

pressure and temperature. 

The second method employed electromotive force (emf) measurements of galvanic cell with solid 

electrolyte conducting oxygen ions (O
2-

). One electrode consists of liquid copper with dissolved oxygen which 

is in equilibrium with oxygen in the gas phase with the partial pressure
2OP . The second electrode is the 

reference electrode with oxygen partial pressure .)(Re2 fOP . Schematically, such galvanic cell, for example can be 

written by: 

 

                                                   .)(Re2 2 fOPCaOZrOOCu                                                  (2) 

 

The electrolyte is zirconia stabilized by addition of calcium oxide (or others oxides MgO, Y2O3,), which makes 

electrolyte resistant to thermal shock. The emf of a galvanic cell is described by the relation: 

                                                        

.)(Re2

2ln4
fO

O

P

P
RTFE                                                     (3) 

 

where: F the Faraday constant (96487 
1VJ ), E the electromotive force of the cell (V), R the 

universal gas constant (8.3143 
1KJ ), T the absolute temperature, 

2OP oxygen partial pressure above 

liquid copper (bar),   .)Re2 fOP oxygen partial pressure in reference electrode (bar). 
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 Oxygen partial pressure in the reference electrode can be fixed by: 

 

1. Using air ( barP fO 21.0.)(Re2
 ) - [3, 6, 7, 10, 11, 16, 17, 18]. 

2. Employing pure oxygen ( barP fO 1.)(Re2
 ) – [26, 23]. 

3. Using a mixture of Ni and NiO    TRGP NiOfO  0

.)(Re 2exp
2

 - [5, 8, 12, 14, 20, 22, 24, 

32]. 

 

Using experimental data, the equilibrium constant for the reaction (1) can be determined under condition that the 

standard state  1][ Oa or the reference state  1][ O  is defined: 

 

                                                 
21

][][

21

][

][

22 O

OO

O

O

O
P

x

P

a
K


                                                          (4) 

 

Where: ][Oa
 
the activity of oxygen dissolved in liquid copper, 

2OP oxygen partial pressure above liquid 

copper, ][Ox oxygen mole fraction in liquid copper, ][O the activity coefficient of oxygen dissolved in 

liquid copper.  

 

Utilizing equations (3) and (4) the following relation is obtained: 

 

 

                                 .)(Re][][ 2
ln

2

1
ln2 fOOO PRTGaRTFE                                  (5) 

 

where:  ][OG the Gibbs free energy of the reaction (1). 

 

The equation (5) has two unknown quantities  ][][ , OO Ga  , and therefore without additional assumption, that 

for a certain composition 1][ Oa  or 1][ O  , equation (5) is unsolvable. 

  Some authors e.g. [7, 23] tried to find another solution to this problem. They assumed that the chemical 

potential of oxygen in liquid copper is equal to half the standard chemical potential of oxygen in gaseous state 

 0

][ 2
5.0 OO   .  However under such an assumption, the Gibbs energy for reaction (1) is equal zero. 

 

                                                        05.0 0

][][ 2
 OOOG                                                 (6) 

 

II. THE CU-O MIXTURE AT INFINITE DILUTION AS A REFERENCE STATE FOR OXYGEN 

 In the case of infinite diluted Cu-O solution, equation (4) can be expressed as the following relation: 

 

                                           
5.0

][

5.0

][][

][

22 O

O

O

OO

O
P

x

P

x
K 





  for 0][ Ox                                        (7) 

 

In other words we assume that the activity coefficient of dissolved oxygen in liquid copper at infinite dilution is 

equal to 1. For such defined reference state, the equilibrium constant for reaction (1) is equal to limiting value of 

the ratio 
5.0

][ 2OO Px for 0][ Ox . 
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Fig.2. Variation of 
5.0

][ 2OO Px with mole fraction of oxygen dissolved in liquid copper. Points were 

estimated from data given in paper [12], and obtained at 1373 K. Solid line was calculated with the list 

square method and dashed line is extrapolation of 
5.0

][ 2OO Px ratio to 0][ Ox . 

 

Utilizing experimental data from several sources [1, 3, 5-12, 14-16, 18, 20-24], the equilibrium 

constants  ][OK for reaction (1) were estimated by extrapolation of a function  ][

5.0

][ 2 OOO xfPx   to

0][ Ox . Fig. 2 demonstrates an example of ][OK estimation.    Obtained results are demonstrated in Fig 3. 

These results were used for calculation of the equilibrium constant as a function of temperature:  

 

 

                                                        085.5
9810

ln ][ 
T

K O                                                     (8) 

 

In these computations, experimental data from Ref. [1] were omitted. It was because these data have been 

produced by equilibrating liquid copper with 2COCO  mixtures with a low CO partial pressure. In such a 

situation it is very difficult to maintain constant ratio of COCO PP
2

during experimental course. And relatively 

a small error in determination of CO pressure ( ))( COP , can produce quite large error in generated oxygen 

pressure ( ))( 5.0

2OP : 

 

                                                          
2

5.0

2

CO

CO

O
P

P
KP


                                                       (9)      

 

where: K is equilibrium constant for the reaction (10).    

 

                                                          22 5.0 OCOCO                                                        (10) 

 



American Journal of Engineering Research (AJER) 2018 
 

 
w w w . a j e r . o r g  

 
Page 206 

 
Fig. 3. Dependence of the equilibrium constant of reaction (1) versus temperature.  The points were 

calculated with experimental data reported in papers [1, 3, 5-12, 14-16, 18, 20-24]. The solid line 

represents Eq. 8. 

 

The equilibrium constant ][OK  enables us to determine the Gibbs energy for the reaction (1): 

 

                      TKRTmolJG OO   276.4281560ln)( ][

1

][                          (11) 

 

    The calculated values of ][OG  enable to estimate the chemical potential of oxygen dissolved in liquid 

copper: 

 

                                                        
0

][][ 2
5.0 OOO G  

                                                   (12) 

 

Making use of 
0

2O given in data base of the HSC Chemistry 7 software and Eq. (11), we can determine a 

function describing


][O : 

 

 

                                      TmolJO   020.87609081

][                                                (13) 

 

This function is very impotent in thermodynamic analyzes of copper refining processes. In consequence the 

chemical potential of oxygen in liquid copper can be expressed by the relation: 

 

                                                     ][][][ ln OOO aRT                                                     (14) 

 

      Coupling Eq. (4) and Eq. (8) the following relation can be obtained: 
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Rearranging Eq. (15) and utilizing experimental data given in [23], the activity coefficient of oxygen dissolved 

in liquid copper can be determined: 

 

                                                   















5.0

][

][

2

ln085.5
9810

ln
O

O

O
P

x

T
                                      (16) 

 

 For these computations experimental data given by Taskinen [23] were selected because:  

 

1. Data are given as they were acquired from experiments. 

2. This study was carried out for considerable concentration range of the oxygen dissolved in liquid copper 

and comprises homogeneous liquid as well as two phase area. 

3. Experiments were conducted in the large temperature range (1375-1548 K). 

4. Obtained results are internally consistent and show good reproducibility. 

 

Computation results came as a surprise, because activity coefficient of oxygen does not show 

temperature dependence, which is demonstrated in Fig.4. Making use of the least square method and values 

computed with equation (16), the activity coefficient of oxygen was described by the relation: 

 

                                                      ][][ 204.7ln OO x                                           (17) 

 

Utilizing the Gibbs-Duhem equation and relation (17), the activity coefficient of copper can be derived: 

 

                                             )1ln(204.7ln ][][ OOCu xx                               (18) 

 

 
Fig. 4. The relation between activity coefficient of oxygen and its concentration in Cu-O    solution. Points 

were calculated with experimental data given in paper [23]. Solid line 

represents equation (17). 

 

Expanding  )1ln( ][Ox  in series, and taking into account two first terms one can obtain: 

 

 

                                                          
2

][602.3ln OCu x                                                       (19) 
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Equation (19) is very good approximation of the relation (18) for small values of ][Ox , which is the case for 

homogenous Cu-O solution (see Fig. 4). For the same reason, the activity coefficient of copper is close to unity. 

 

III. CONCLUSION 

1. For thermodynamic description of liquid mixtures Cu-O, an infinite diluted solution was taken as the 

reference state for oxygen  1][ O . As for copper the reference state as well as the standard state 

 1,1 [  CuCu a  is pure liquid copper. 

2. For such chosen the reference state for oxygen in liquid copper, its activity coefficient does not show 

temperature dependence (Fig. 4), which came as a surprise. One can argue for example that such behavior is 

because the equilibrium constant was determined with various author experimental data. And at the same time, 

the activity coefficients of the oxygen were computed with experimental data given by Taskinen [23]. It was 

found that the use of Taskinen data [23] for determination of the equilibrium constant as well as the activity 

coefficient of oxygen does not alter this picture. 

3. However, the activity coefficient of oxygen depends on temperature in a hidden manner, because 

oxygen concentration in copper  ][Ox  is a function of temperature for fixed oxygen pressure above the melt 

Cu-O as can be seen in Fig. 5. 

 
Fig. 5. Dependence of oxygen concentration in liquid copper on oxygen pressure above liquid Cu-O 

solution and temperature. Experimental points were taken from paper [23]. 

 

4. Values of the Gibbs energy of oxygen dissolution in liquid copper calculated with Eq. (11) are about 3 

times smaller than those presented in Fig. 1 in the absolute numbers. 
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