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Abstract 

Over the past centuries, a number of process routes for extraction of metal values 

from an ore or other resources have been developed. These can generally be classified 

into pyrometallurgical, hydrometallurgical or electrometallurgical routes. In the case 

of the latter two processes, the reaction medium consists of liquid phase electrolytes 

that can be aqueous, non-aqueous as well as molten salts. The present dissertation 

presents the work carried out with two aspects of the above-mentioned electrolytes. 

First part is about the electrolyte solutions, which can be used in solvent extraction 

relevant to many hydrometallurgical or chemical engineering processes; the second 

part is about the molten salts, which is often used in the electrometallurgical processes 

for production of a variety of many kinds of metals or alloys, especially those that are 

highly reactive. 

In the first part of this thesis, the focus is given to the thermodynamics of 

electrolyte solutions. Since the non-ideality of high concentration solution is not well 

solved, a modified three-characteristic-parameter correlation model is proposed, 

which can calculate the thermodynamic properties of high concentration electrolyte 

solutions accurately. Model parameters for hundreds of systems are obtained for 

aqueous as well as non-aqueous solutions. Moreover, a new predictive method to 

calculate the freezing point depression, boiling point elevation and vaporization 

enthalpy of electrolyte solutions is also proposed. This method has been shown to be a 

good first approximation for the prediction of these properties.  

In the second part, a process towards the extraction of metal values from slags, 

low-grade ores and other oxidic materials such as spent refractories using molten salts 

is presented. Firstly, this process is developed for the recovery of Cr, Fe values from 

EAF slag as well as chromite ore by using NaCl-KCl salt mixtures in the laboratory 

scale. The slags were allowed to react with molten salt mixtures. This extraction step 

was found to be very encouraging in the case of Cr and Fe present in the slags. By 

electrolysis of the molten salt phase, Fe-Cr alloy was found to be deposited on the 

cathode surface. The method is expected to be applicable even in the case of V, Mn 

and Mo in the waste slags.  

Secondly, this process was extended to the extraction of copper/iron from copper 

ore including oxidic and sulfide ores under controlled oxygen partial pressures. 

Copper or Cu/Fe mixtures could be found on the cathode surface along with the 

emission of elemental sulphur that was condensed in the cooler regions of the reactor. 

Thus, the new process offers a potential environmentally friendly process route 

reducing SO2 emissions.  

Furthermore, the cyclic voltammetric studies of metal ions(Cr, Fe, Cu, Mg, Mn) 

in (CaCl2-)NaCl-KCl salt melt were performed to understand the mechanisms, such as 

the deposition potential, electrode reactions and diffusion coefficients, etc. In addition, 

another method using a direct electro-deoxidation concept(FFC Cambridge method), 

was also investigated for the  electrolysis of copper sulfide. Sintered solid porous 

pellets of copper sulfide Cu2S and Cu2S/FeS were electrolyzed to elemental Cu, S and 

Cu, Fe, S respectively in molten CaCl2-NaCl at 800
o
C under the protection of Argon 



 

II 

gas. This direct electrolysis of the sulfide to copper with the emission of elemental 

sulfur also offers an attractive green process route for the treatment of copper ore.  

 

Keywords：：：：Electrolyte solutions, activity coefficient, osmotic coefficient, freezing 

point depression, boiling point elevation, vaporization enthalpy, molten salts, 

electrolysis, electrochemical, metal recovery, EAF slag, copper, sulfide. 
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Preface 

Extractive metallurgy refers to processes of extracting valuable metals from ores. 

Similar methods also can be used for recovery of metal values from some 

metallurgical slag/dust. However, in order to convert a metal oxide or sulfide to a pure 

metal, the compound must be reduced either physically, chemically, or electrolytically. 

During these various processes, the electrolytes, including aqueous and non-aqueous 

solutions as well as molten salts are often employed as the reaction medium. For 

example, many hydrometallurgical or chemical engineering processes are dealing 

with the electrolyte solutions; on the contrary, molten state of the electrolyte, namely, 

molten salts, are often introduced in electrolytic processes for production of many 

kinds of metals and alloys.  

This thesis includes two aspects related with the electrolytes: 

The first part is focused on the thermodynamics of electrolyte solutions. The 

solutions after dissolution of the electrolytes in various solvents, can be used widely, 

not only in chemical engineering and metallurgy, but also chemistry, biology, 

environment and geology, etc. In an electrolyte solution, there are many kinds of 

particles, such as cation, anion, electrolyte molecule and solvent molecules, and very 

complex interactions between these particles exist, which become more complicated 

with the increase of solute concentration. The properties of those solutions cannot be 

calculated accurately because of the large deviation from ideal solution. Although 

many models have been developed in the past century, this problem is still not well 

solved. Based on this situation, a model which considers both ion-ion and ion-solvent 

interactions is modified and extended for the electrolyte solutions in high 

concentration range. Accurate prediction of the thermodynamic properties, such as 

activity coefficient, osmotic coefficient, etc., is obtained. The applications of this 

model are carried out in this thesis. 

Correspondingly, the molten state of electrolyte, namely, molten salt, is also very 

common in many electrolytic processes. The second part of this thesis is devoted to a 

novel molten salts extraction process towards the extraction of metal values from 

slags as well as low-grade ores and sulfides. This process is used for recovery of Fe, 

Cr from EAF slag and chromite, and extraction of Cu, Fe from copper oxide and 

sulfides. Furthermore, another newly developed method, FFC Cambridge method, is 

also investigated for the copper extraction from copper sulfides in molten CaCl2-NaCl 

in this thesis. 
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1.  Thermodynamics of Electrolyte Solutions 

1.1  Background and Scope 

The thermodynamics of electrolyte solutions are needed for solving many 

fundamental and applied problems of hydrometallurgy, chemistry, chemical 

engineering, environmental sciences, geochemistry etc. Electrolyte molecules 

dissolved in the solvent will dissociate into cations and anions which are surrounded 

by solvent molecules and the counter ions. Complicated interactions exist between 

those particles, as shown in Fig. 1.1. The non-ideal behavior of the solutions, 

especially in high concentration range, can be attributed to those interactions, mainly 

depends on the interaction of solvent-ion and ion-ion(electrostatic attraction and 

repulsive force between atomic nucleus and electron atmosphere when ions approach 

each other) rather than that between undissociated molecule and solvent molecule.  

 

 

Figure 1.1 Interactions between particles in electrolyte solutions 

    Many efforts have been devoted to develop models to predict the thermodynamic 

properties of electrolyte solutions. The first classical theory is Debye-Hückel model[1] 

which only considered the coulombic force between ions; it just can be applied for 

very diluted solution. Fowler and Guggenheim[2] modified it for mixed solvents. 

Bromley[3] modified it by introducing one more term of ionic strength function with 

a parameter BMX for solution with a concentration up to 6 mol kg
-1

 with an acceptable 

deviation. Borge et al.[4][5] regressed BMX values for 80 strong electrolytes for both 

molar and molal scales over wider concentration range. Robinson and Stokes[6] 

developed the hydration theory by considering the interaction between ion and solvent 

molecules. It was suitable for solution with concentrations up to 4 mol kg
-1

. Stokes et 

al.[7] later improved it but the complex formula restricted its application. Meissner[8] 
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developed a useful graphical method. Chen et al[9][10] developed the NRTL theory. 

They obtained good correlation results for mixtures up to 6 mol kg
-1

. The drawback is 

the requirement of the pair interaction parameters for each binary mixture, which 

brings about too many parameters in case of a multi-component mixture.  

From 1970s, Pitzer et al.[11] modified the long-range term in DH model and 

presented the short-range interaction by the binary interaction parameters. Later, Kim 

H T and Jr Frederick W J[12][13] regressed the Pitzer parameters for many systems, 

which made this theory become the most common one . But this model combined the 

interaction between ion and solvent molecules into the calculation of short-range term; 

and its parameters have no clear physical significance. In 1990s, Lin et al.[14][15] 

proposed a TCPC model with the attribution of short-range ion-solvent molecule 

interaction to the solvation effect, which is applicable for solution below 6 mol kg
-1

.  

On the other hand, with the development of computer technology, many theories 

have been put forward based on the statistical mechanics. It can be divided into three 

aspects, namely, molecular simulation(Monte Carlo and molecular dynamics 

simulation), integral equation theory(such as Mean Spherical Approximation based 

theories[16,17],etc.) and perturbation theory(Barker-Henderson[18], PACT[19], 

SAFT[20],etc.). Although these kinds of theories are very useful for understanding the 

microscopic structure and establishing theoretically based thermodynamic models for 

electrolyte solutions, the accuracies of equation of state obtained from MSA to real 

electrolyte systems are lower than those from perturbation theory, and even the later 

one has not been widely used for real systems, as has the classical Pitzer equation and 

Chen-NRTL equation. The complex computation of these models also restricts their 

application, which make it almost impossible extend for multi-component system. 

Moreover, many models in these three aspects still need adjustable parameters as it 

does in classical models mentioned above. Thus, it’s still of central importance to 

develop some kind of correlation model for prediction of thermodynamic properties 

of electrolyte solutions, that can be used conveniently in real industrial practices. 

In this part of work, we modified and extended the original TCPC model 

proposed by Lin et al.[14,15] to hundreds of aqueous as well as non-aqueous solutions 

covering a much wider concentration range. Based on this model, we also proposed a 

novel and simple method to predict the freezing point depression, boiling point 

elevation and vaporization enthalpies for electrolyte solutions. 

1.2  Modified TCPC Model 

    The TCPC model considers the electrostatic energy between ions and the 

ion-solvent interaction. Their model for calculating the mean activity coefficient of 

aqueous electrolytes, which is the combination of Pitzer long-range interactions and 

short-range solvation effects 

SVPDH

±±± += γγγ lnlnln                                        (1.1) 

The expression for the first term is: 



Part I: Thermodynamics of electrolyte solutions 

-4- 

)]1ln(
2

1
[ln 2/1

2/1

2/1

bI
bbI

I
AzzPDH ++

+
−= −+± φγ                  (1.2) 

( ) 2/3

2
2/1

2
3

1
）（

DkT

e
LdA

w
πφ =                                   (1.3) 

In the above equations, φA is the Debye-Hückel constant with a value of 0.392 

at 298.15 K for aqueous solutions, and D is the static dielectric constant at 

temperature T. It should be noted that in the earlier model[15], D was considered as 

an adjustable parameter, but, in the present work, it is regarded as a constant. L is 

Avogadro’s number, dw is the density of water, k is Boltzmann constant and e is the 

electronic charge. z+ and z- are the charge numbers of cation and anion, respectively, 

I= ∑
i

ii
zm 22/1  is the ionic strength, and b is the so-called approaching parameter 

depending on the closest distance of approach of ions. 

    As is well known, solvation is the attraction and association of molecules of a 

solvent with molecules or ions of a solute. As ions dissolve in a polar solvent they 

spread out and become surrounded by solvent molecules. In this model, the solvation 

between a cation and a solvent molecule can be described by 

2/ sezh
cscs

µ+=Γ                                             (1.4) 

where s is the distance between the ion and solvent molecule, μ is the dipole 

moment of solvent, and hcs is a proportional parameter. s is assumed to be inversely 

proportional to the ionic strength of solution 

nIs −
+ ⋅= β                                                 (1.5) 

where +β and n can be determined from experimental data. Then Eq.(1.4) will be 

expressed in terms of ionic strength as 

    
22 / ++=Γ βµ n

cscs
Iezh                                         (1.6) 

A dimensionless potential, kTe
cscs

/Γ=Φ  is defined for a cation and a 

surrounding molecule. By substituting Eq.(1.6) into 
cs

Φ , we obtain 

n

cscs
IkTezh 222 )/( ++=Φ βµ                                  (1.7) 

Similarly, a corresponding dimensionless potential for an anion due to solvation 

is defined as 

n

asas
IkTezh 222 )/( −−=Φ βµ                                  (1.8) 

The charging process of the cation from 0 to z+e is equal to the electrostatic 

potential of all surrounding ions, +γlnkT . Accordingly, the cation activity 
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coefficient can be calculated as follows 

∫ ∫
+ +

+ Φ+Φ=Γ+= z z

cscrcscr
dzedz

kT 0 0
)()(

1
ln ψγ                (1.9) 

The first term of the integral considers the contribution belonging to ions, while 

the second term is attributed to solvation effect that is relevant in this context. Thus, 

neglecting 
cr

Φ and substituting 
cs

Φ  in the equation, one obtains 

)2/()/(ln
2222

+++ = zIkTeh n

cs

SV βµγ                          (1.10) 

Similarly, the anion activity coefficient is 

)2/()/(ln
2222

−−− = zIkTeh n

as

SV βµγ                           (1.11) 

According to the definition of the mean activity coefficient of an electrolyte 

−+

−−++
± +

+=
vv

vv SVSV

SV γγγ lnln
ln                                 (1.12) 

Thus, the equation for estimating mean activity coefficient, 
SV

±γ becomes 

−+

± +
⋅=

vv

I

T

S n

SV

2

lnγ                                        (1.13) 

Eq.(1.13) represents the interaction between an ion and solvent molecule. The 

solvation parameter, S, which is a characteristic parameter indicating the tendency of 

solvation of an electrolyte in solution is defined as 

)
2

)(
22

22222

−+

+−−−++ +=
ββ

βνβνµ
k

zhzhe
S ascs                                  (1.14) 

The mean ionic activity coefficient can thus be written as 

−+

−+± +
⋅+++

+
−=

vv

I

T

S
bI

bbI

I
Azz

n2

2/1

2/1

2/1

)]1ln(
2

1
[ln φγ       (1.15) 

The osmotic coefficient of a solution,φ , is related to the mean activity of 

electrolyte by: 

∫ ±+=
m

md
m 0

ln
1

1 γφ                                           (1.16) 

The osmotic coefficient then can be expressed as: 

nI
n

n

vvT

S

bI

I
Azz 2

2/1

2/1

12

2

)(1
1

++
+

+
−=

−+
−+ φφ                 (1.17) 

And, the activity of solvent is related with the osmotic coefficient,Φ, as shown 
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below: 

φ⋅−= )1000/(ln SS vmMa                                        (1.18) 

In the model equations of (1.15) and (1.17), b, S and n are adjustable parameters. 

b is called “approaching parameter”, which is dependent on the closest-distance of 

approach between ions. S is defined as “solvation parameter” that represents the 

solvation effect between ion i and the solvent molecules. n can be called “distance 

parameter”, which is related with the distance between ion and solvent molecule. 

1.3  Evaluation of Parameters 

Based on the ion parameters, b, S and n, the mean activity and osmotic coefficient 

can be predicted. In order to obtain the model parameters, the experimental values of 

mean activity coefficients or osmotic coefficients had been collected from literature.  

For aqueous solutions, most of these investigations were carried out by the 

National Bureau of Standards. In their publications(See literature in Supplement 1), 

the different experimental values for the mean activity coefficients or osmotic 

coefficients obtained from different techniques were critically determined and 

adjusted to different equations. The smoothed values obtained were then 

recommended to be the standard values. In this thesis, we also summarized some 

experimental activity or osmotic coefficient values from recent publications to 

supplement some old experimental values. If experimental data for the same 

electrolyte solutions were found in different publications, we chose the latest one or 

the one covering a wider range of concentration. 

For non-aqueous solutions, Most of the parameters were obtained from mean 

activity coefficients reported in the literature; a few sets of parameters were regressed 

from experimental osmotic coefficients. 

The model equation (1.15) or (1.17) was employed to correlate the experimental 

data aforementioned, and the parameters b, S and n were evaluated by a multiple 

regression analysis. The objective function is given below and the optimisation was 

performed by the least-squares method by application of MATLAB software: 

2/1

2exp /)ln(ln 






 −= ∑ ±± p

i

calcdtl nγγδ or
2/1

2exp /)( 






 −= ∑ p

i

calcdtl nφφδ        (1.19) 

Here, δ is defined as the standard deviation (%), np is the number of experimental 

data points and the subscripts of ‘exptl’ and ‘calcd’ refer to the experimental and 

calculated data, respectively. It should be noted that, in the earlier model[15], n was a 

constant, 0.645, for all electrolyte systems, which brings about some simplicity for the 

optimisation. However, for electrolytes at higher concentration, the fitting deviation 

was found to be high if we fixed n=0.645. On the other hand, n should be an 

electrolyte specific value because the difference of different systems, and the variation 

of concentration also can influence the ion-molecule interactions. In this study, n was 

regarded as an adjustable parameter, meanwhile, the set of parameters with n=0.645 
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had also been obtained and compared with the model with three parameters.  

For aqueous solutions, the parameters for systems at 298.15K were obtained and 

published in Supplement 1. For non-aqueous solutions, we reported parameters at 

298.15K and other temperatures. Moreover, we also developed it to describe the 

complicated mixed-solvent electrolyte systems, which are often encountered in 

practical applications. The results are published in Supplement 2. 

1.4  Aqueous Solutions----Supplement 1 

1.4.1  Calculated Results 

Following the method in section 1.3, two sets of parameters for 283 single salts 

in aqueous solutions up to saturation have been obtained. Those parameters can be 

found in Tables 1-6 of Supplement 1 with the corresponding standard deviations. 

Distributions of standard deviations of these electrolyte solutions against its maximum 

concentration are shown in Fig.1.2. 
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Figure 1.2. Standard deviations of different kinds of aqueous electrolytes calculated 

by our model at 298.15 K. The solid and hollow symbols represent the calculated 

results by the present model with three and two parameters, respectively. □ and ■ 
are results of for 1-1 electrolytes; △ and ▲, results for 1-2, 2-1 electrolytes; ▽ 

and ▼, results for 1-3, 3-1 electrolytes; ◇ and ◆, results for 1-4 electrolytes; ☆ 

and ★, results for other types of electrolytes.  

 

One can observe that most values calculated from our model with three 

parameters are within 5%, that shows our model fits the literature data fairly well. 

Most of the large values are calculated from the model with two parameters, 
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especially in the range of high ionic strength, while the three-parameter one always 

gives a much smaller value for the same salt, which indicates that the third parameter, 

n, is very important for predicting the thermodynamic properties in high concentration 

range. However, as seen from Fig. 1.2, there are also some systems with large 

deviation. This can be attributed to the following reasons: 

First, for some electrolytes, like LiBr, rare earth perchlorates, etc, the 

experimental data at high concentration are very high. For instance, the activity 

coefficient is 486 for LiBr (m=20 mol kg
-1

) and 794.6 (m=4.5 mol kg
-1

) for 

Sm(ClO4)3 . In this case, a small deviation in high ionic strength easily leads to a large 

error. Secondly, for some special electrolytes with organic anions or cations, for 

example, sodium carylate or sodium pelargonate, etc., the size of the anion or cation is 

much larger than the counter ion, so the Boltzmann distribution may be not suitable 

for the charging process. Finally, some electrolytes, like ZnCl2, SrCl2, etc, can form 

several different complex ions in water. For example, ZnCl2 can dissolve into Zn
2+

, 

Cl
-
, ZnCl

+
, ZnCl2, ZnCl3

-
 and ZnCl4

2-
.The present model is limited to describe those 

very complicated systems and corresponding modifications are necessary.  
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Figure 1.3 Experimental and calculated mean activity coefficient and osmotic 

coefficient of RbNO2 aqueous solutions at 298.15 K: (a) Whole concentration range; 

(b) Low concentration range; (c) High concentration range. △, Experimental data 

for mean activity coefficient and ▽, osmotic coefficient. The solid and dashed lines 

are calculated from the present model with three and two parameters respectively.  
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Figure 1.4. Experimental and calculated mean activity coefficient and osmotic 

coefficient of MgCl2 aqueous solutions at 298.15 K. △, Experimental data for mean 

activity coefficient, and ▽, osmotic coefficient. The solid lines are calculated from 

the present model with three parameters. 
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Figure 1.5. Experimental and calculated mean activity coefficient and osmotic 

coefficient of Sm(ClO4)3 aqueous solutions at 298.15 K. △, Experimental data for 

mean activity coefficient, and ▽, osmotic coefficient. The solid and dashed lines are 

calculated from the present model with three and two parameters respectively. 
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Figure 1.6. Experimental and calculated mean activity coefficient and osmotic 

coefficient of ZnSO4 aqueous solutions at 298.15 K. △, Experimental data for mean 

activity coefficient and ▽, osmotic coefficient. The solid and dashed lines are 

calculated from the present model with three and two parameters respectively. 

Those parameters are obtained from the experimental mean activity coefficients, 

however, the same set of parameters also can be used to calculate osmotic coefficient 

or solvent activity. Figs. 1.3-1.6 give some typical calculated results of mean activity 

and osmotic coefficients for RbNO2, MgCl2, Sm(ClO4)3 and ZnSO4, respectively. 

From these figures, it can be seen that the present model fits the experimental data 

very well across the whole range of concentration. The calculations using the three 

parameters give better results than those with two parameters. Detailed observation of 

Fig. 1.3(b) and (c) shows that the two-parameter model (n=0.645) fits the 

experimental data better than the one with three parameters at low concentration, but 

worse at high concentration. Similar phenomenon can be found for some other 

electrolytes. One can use different sets of parameters according to different demands. 

1.4.2  Comparison with Other Models 

The calculated mean activity coefficient or osmotic coefficient of AgNO3 and 

La(ClO4)3 from our results and the original TCPC model or Pitzer model are shown in 

Figs. 1.7-1.8. These figures show the good performance of the present model with two 

or three parameters, which is at least as good as the Pitzer model. Pitzer parameters 

were obtained from the same experimental data and range of concentration. It should 

be noted that Pitzer ion interaction parameters were obtained from experimental data 

of osmotic coefficients. For some electrolytes, the Pitzer model shows better results 
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than the present model for predicting osmotic coefficients. Since the original TCPC 

model is limited in the range of concentration (<6 mol kg
-1

), it shows a large deviation 

for calculations at higher concentration, as shown in Fig. 1.7.  

The overall errors for various electrolytes in calculating the mean activity 

coefficients by different models are tabulated in Table 1.1. From this table, the present 

model with three parameters is almost as good as Pitzer model for 1-1 and 1-2 

electrolytes, worse for 2-1 electrolytes but better for 3-1 and 2-2 electrolytes than 

Pitzer model. Also presented in Table 1.1, the model with two or three parameters is 

much better than Bromley or original TCPC model.  

In order to find out the dependence of our model on temperature, the above 

models were used to correlate the mean activity coefficients for some electrolytes at 

temperatures other than 298.15K shown in Table 1.2. From this table, it can be seen 

that the temperature dependence of our three-parameter model is small. When the 

parameters calculated at 298.15K are directly employed to predict the thermodynamic 

properties at a narrow temperature range around 298.15K, the deviation becomes 

larger, but acceptable.  

 

Figure 1.7. Comparison between experimental and calculated mean activity 

coefficient of AgNO3 aqueous solutions at 298.15 K. ○, Experimental data. The solid 

and dashed lines are calculated from the present model with three and two 

parameters respectively. The dot line is calculated from the Pitzer model and the 

two-segment line is calculated from the Original TCPC model. 
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Figure 1.8. Comparison of experimental and calculated mean activity coefficient of 

La(ClO4)3 aqueous solutions at 298.15 K.  ○, Experimental data. The solid and 

dashed lines are calculated from the present model with three and two parameters 

respectively. The dot line is calculated from the Pitzer model. 

 

Table 1.1. Comparison of various models for aqueous solution at 298.15K 

10
2
*δ 

This model 

 

Type 

 

 

Number of 

systems 

Pitzer Bromley Lin et al. 

Two Three 

1-1 47 4.24 18.63 27.12 7.76 4.34 

1-2 6 5.33 6.69 5.67 7.23 5.24 

2-1 13 2.00 11.68 - 5.38 4.58 

3-1 42 7.58 - 16.94 6.10 3.10 

2-2 7 3.89 - 3.97 2.84 0.94 
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Table 1.2. Comparison of the calculated mean activity coefficients from different 

models at various temperatures 

10
2
*δ 

This model 

Electro- 

lytes 

Mmax 

/mol.kg
-1

 

T/K 

 
Pitzer

 

 

Bromley
 

 

Lin et al.
 

 
two three 

KCl 4 273.15 3.11 3.15 4.05 2.76 1.05 

 4 283.15 1.49 1.54 2.35 1.51 0.92 

 5 298.15 0.56 0.12 1.8 1.24 0.88 

KBr 5 273.15 3.81 3.35 4.28 6.13 5.73 

 5.5 298.15 0.45 0.62 0.88 3.98 3.64 

 5 323.15 3.72 3.26 3.58 4.76 4.79 

CsOH 5 273.15 18.28 2.34 5.9 3.13 3.13 

 1.2 298.15 0.46 0.64 0.72 0.38 0.38 

 5 323.15 11.7 8.61 3.21 6.14 6.14 

LiCl 18 273.15 35.28 20.65 43.51 26.04 17.45 

 19.219 298.15 8.29 19.33 75.56 14.16 6.3 

 18 323.15 17.16 32.65 87.28 20.04 15.54 

KOH 5 273.15 4.55 2.03 2.73 7.8 3.42 

 20 298.15 2.54 15.18 83.51 15.83 7.89 

 5 323.15 9.86 10.66 9.38 14.61 14.63 

LiOH 5 273.15 2.88 20.7 3.34 12.1 13.44 

 5 298.15 2.03 11.7 2.54 6.56 5.79 

 5 323.15 7.14 11.85 9.56 11 3.2 

Average   7.41 9.35 19.12 8.79 6.35 

1.5  Non-aqueous Solutions----Supplement 2  

In contrast to aqueous systems, correlation of experimental data of non-aqueous 

electrolyte systems is scarce. Thus, the present section extended the modified model 

for the correlation and prediction of thermodynamic properties of different kinds of 

non-aqueous solutions at T=298.15 K or other temperatures. Moreover, we also 

developed it to describe the complicated mixed-solvent electrolyte systems, which are 

often encountered in practical applications. 
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1.5.1  Non-aqueous Solutions at 298.15K 

The model parameters are obtained following the method described in Section 

1.3. The dielectric constant and density of various pure solvents used in this section 

are listed in Table 1 of Supplement 2. The adjustable parameters for every single 

non-aqueous electrolyte solutions are tabulated in Table 2 of Supplement 2.  

Results of standard deviations show that our model with two or three parameters 

can be fitted for the experimental data very well for most of the studied systems, but 

the model with three parameters (b, S, n) (overall average 1.76%) is better than the 

one with two parameters (b, S) (overall average 2.93%). Fig. 1.9 shows the 

distribution of standard deviations calculated by our model with two or three 

parameters, respectively. One can find out that with the increase of molality, the 

present model with two parameters shows a large discrepancy for some non-aqueous 

solutions, such as Bu4NClO4, TMGP in methanol and LiCl, LiBr in ethanol, but the 

present model with three parameters can be fitted for all the systems fairly well across 

a wide range of concentration. It clearly shows that it is important to treat n as an 

adjustable parameter, especially in the case of high ionic strength.  
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Figure 1.9. Standard deviations of different kinds of non-aqueous electrolyte solutions 

at 298.15 K. The solid and hollow symbols represent the calculated results by the 

present model with two or three parameters, respectively. ■ and □ are results in 

methanol; ▲ and △ are results in ethanol; ◆ and ◇ are results in 2-proponal; 
●  and ○  are results in N-Methylformamide; ★  and ☆  are results in 

acetonitrile.  
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Figure 1.10. Calculated results of the mean activity coefficients of some non-aqueous 

electrolyte solutions. The solid lines and symbols are calculated from the present 

model with three parameters and Pitzer model, respectively. □, LiClO4 in methanol; 

△, NaI in acetonitrile; ○, NaI in 2-proponal. 
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Figure 1.11. Calculated results of the osmotic coefficients of some non-aqueous 

electrolyte solutions. The solid lines and dotted lines are calculated from the present 

model with three and two parameters, respectively. □, Experimental data for LiBr in 

ethanol; △, NaSCN in methanol; ○, NiCl2 in ethanol. 
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Figure 1.12. Calculated results of the solvent activities of some non-aqueous 

electrolyte solutions. The solid lines and dashed lines are calculated from the present 

model with three and two parameters, respectively. □, Experimental data for NaSCN 

in methanol; △, LiCl in methanol; ○, LiBr in ethanol. 

The set of parameters also can be used directly for the prediction of mean 

activity coefficients, osmotic coefficients and solvent activities. Fig. 1.10 shows some 

results in calculating the mean activity coefficient. The calculated results based on the 

same experimental data by Pitzer model, which are reported in literature, are also 

drawn in, and one can see they are in a good agreement. Fig. 1.11 shows the 

experimental and calculated osmotic coefficients of some systems. From this figure, 

one also can see that the model with three parameters performs better than the one 

with two parameters, but the latter one is a little better in the case of very low 

concentration. Meanwhile, Fig. 1.12 gives some predicted results of the solvent 

activities; and there is very good consistency between the calculated results and 

experimental ones. Again, the model with two parameters still shows a bit of shortage 

in the case of high concentration as it does in calculations of osmotic coefficients.  

1.5.2  Non-aqueous Solutions at Other Temperatures 

Considering the variations of dielectric constant and density of solvents, it is 

easy to extend the modified model for non-aqueous electrolyte solutions at other 

temperatures by using the new parameters regressed from the related experimental 

data. The adjustable parameters for some non-aqueous solutions are listed in Table 3 

of Supplement 2. All these parameters were regressed from the experimental mean 

activity coefficients data reported in literature.  
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When the temperature range was not very wide (298.15K~323.15K), it could be 

seen that if n was fixed at 0.645, the other two parameters (b, S) would represent a 

small fluctuation, such as LiCl, CaCl2, LiBr in ethanol. This again indicates that the 

temperature dependence of our modified model is small. However, in order to 

accurately predict the thermodynamic properties, the set of parameters (b, S, n) at 

different temperatures were also listed in Table 3 of Supplement 2(columns 7-9). It 

should be noted that, the parameters show a significant change across a wide range of 

temperature (for LiBr in acetonitrile). In these cases, the newly obtained parameters 

are very essential for predicting those electrolyte properties accurately.  

 Figs. 1.13 to 1.15 show some calculated results by using these parameters. Fig. 

1.13 showed the calculated mean activity coefficients of LiBr in acetonitrile at 

different temperatures, the literature data were calculated from Pitzer-Archer model. 

Good consistency between them proves that our model is available for predicting the 

mean activity coefficients at elevated temperatures. Similar results also can be 

observed in calculations of osmotic coefficients and solvent activities for LiBr in 

ethanol shown in Figs 14 and 15. 
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Figure 1.13. Calculated results of the mean activity coefficients of LiBr in acetonitrile. 

The solid lines are calculated from the present model with three parameters. 
Literature data, □, 298.15K; △, 308.15K; ▽, 328.15K;○, 343.15K. 
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Figure 1.14. Calculated results of the osmotic coefficients of LiBr in ethanol at 

elevated temperatures. The solid lines are calculated from the present model with 

three parameters. Literature data, □, 303.15K; △, 313.15K; ○, 323.15K. 
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Figure 1.15. Calculated results of the solvent activity of LiBr in ethanol at elevated 

temperatures. The solid lines are calculated from the present model with three 

parameters. Literature data,□, 298.15K; △, 308.15K; ○, 323.15K. 
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1.5.3  Mixed Solvent System 

    Properties of electrolytes in mixed solvent systems are of particular interest in 

many environmental applications and industrial processes. For example, many 

petroleum problems would be more easily solved if a reliable and accurate model 

representative of phase equilibria of systems including, along with hydrocarbon 

elements, salts and water and even further additives such as alcohols were available. 

Nevertheless, both Pitzer model and TCPC model were initially designed to describe 

the aqueous electrolyte solutions. In this thesis, the modified model is employed for 

solutions with mixed solvent of water and other kinds of solvents systematically.  

The parameters for some electrolytes in mixed solvent systems with different 

mass fraction(w) of non-aqueous solvent are summarized in Table 4 of Supplement 2. 

Results of the standard deviation in this table show that the modified model is also 

suitable in the case of mixed solvent systems. Some examples for predicting the mean 

activity coefficients and osmotic coefficients by using this modified model are shown 

in Figs.1.16 to1.18. These figures clearly prove the reliability of our model, whereas a 

large deviation was found in calculations for low concentration range (Seen in Figure 

1.16), which indicates the modified model is more compatible to predict the 

thermodynamic properties of electrolytes in high concentration region.  
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Figure 1.16. Calculated results of the mean activity coefficients of NaCl in fructose + 

water or maltose + water at T=298.15K. The solid lines are calculated from the 

present model with three parameters. Literature data for different mass fraction (w) of 

non-aqueous solvent: □ , trehalose(w=0.1); ▽; trehalose(w=0.3); △, 

maltose(w=0.3);○, maltose(w=0.4).  
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Figure 1.17. Calculated results of the mean activity coefficients of NH4Cl in 

1-proponal + water solutions at T=298.15K. The solid lines are calculated from the 

present model with three parameters. Literature data for different mass fraction (w) of 

1-proponal: □, w=0.1; ○，w=0.2; △, w=0.3; ▽, w=0.4; ◇, w=0.5. 
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Figure 1.18. Calculated results of the osmotic coefficients of electrolytes in mixed 

solvent solutions at T=298.15K. The solid lines are calculated from the present model 

with three parameters. Literature data for different mass fraction (w) of non-aqueous 

solvent: □ , HCl in N,N-Dimethylformamide(w=0.2) + water; ○， CsCl in 

methanol(w=0.1) + water; △, CsCl in methanol(w=0.3) + water. 
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1.6  FPD/BPE and Vaporization enthalpies----Supplement 3 

    Several colligative properties, such as freezing point depression(FPD), boiling 

point elevation(BPE) and enthalpies of vaporization are always be recognized as the 

important properties of numerous industrial solutions.  

The freezing point of a solution always can be lowered by the presence of 

electrolyte particles, which is called freezing point depression(FPD). Similarly, the 

boiling point of a solution with a nonvolatile solute is always higher than the boiling 

point of the pure solvent because of the vapor pressure lowering by the solute. The 

difference is called boiling point elevation(BPE). The number of the solute particles, 

namely, its concentration, is the controlling factor of those properties. If the solution 

is treated as an ideal solution, the FPD or BPE depends only on the solute 

concentration that can be estimated by a simple linear relationship with the cryoscopic 

constant for FPD and the ebullioscopic constant for BPE. However, this is only 

effective in a diluted solution, thus the accurate method to predict those properties is 

still essential. Keitaro[21]
 
proposed a detailed description of FPD for diluted 

concentration. Gary et al.[22] described a new expression for aqueous solutions 

accurate up to three molal concentrations by considering the solute/solvent interaction. 

For BPE prediction, an empirical equation was used to correlate the experimental data 

of BPE[23]. Dühring’s rule also has been applied for BPE calculation by plotting the 

boiling temperature of the solution versus that of the pure solvent[24], which is 

important in obtaining BPE and development of empirical BPR models[25]. 

The enthalpy of vaporization, also known as the latent heat of vaporization or 

heat of evaporation, is the energy required to transform a given quantity of a 

substance into gas. Some researches are carried out for the correlation of pure 

substances[26-29]. For the enthalpies of electrolyte solutions, Silvester et al.[30]
 

calculated the enthalpy and heat capacity of sodium chloride up to 300
o
C. Srisaipet et 

al.[31] proposed a relationship between vapor pressure and vaporization enthalpy by 

an extension of Martin equation. The empirical method for estimation of FPD/BPE or 

enthalpy of vaporization in literature usually has very limited applications, only 

effective for a specific system. Therefore, based on the model presented in this thesis, 

this section aims to offer a universal method for predicting the FPD/BPE. 

Furthermore, a method for estimating the enthalpy of vaporization based on the 

Clausius-Clapeyron equation is derived.  

1.6.1  Theoretical Modelling 

Derivation for FPD/BPE. When the solution reaches solid-liquid equilibrium 

(SLE), the chemical potential of the solvent is equal between liquid and solid phases: 

),(),( PTPT solliq µµ =                                           (1.20) 

Where µliq(T, P) and µsol(T, P) represent the chemical potentials of the liquid 

solvent and corresponding solid phase at the same temperature and pressure, 
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respectively. Furthermore, the chemical potential of the liquid and solid solvent can be 

expressed as: 

),,(ln),(),( 0 mPTaRTPTPT liqliqliq += µµ                          (1.21a) 

),(ln),(),( 0 PTaRTPTPT solsolsol += µµ                           (1.22b) 

Where µliq
0
(T,P) and µsol

0
(T,P) are

 
the chemical potentials of pure liquid and solid 

solvent at the same temperature and pressure, respectively, R is the gas constant. aliq is 

the activity of solvent in the solution. asol=1 is the activity of solid solvent. The 

difference between the chemical potential of pure liquid and solid solvent is the free 

energy of fusion,ΔGfus
0
. With Eqs.(1.21) and (1.22), it can be arranged as 

liqsolliqfus aRTG ln-- 000 ==∆ µµ                                    (1.23) 

According to the Gibbs-Helmholtz equation 

dT
T

H

T

G
d

2

∆−=






 ∆
                                            (1.24) 

Combing Eqs.(1.23) and (1.24), one can obtain 

2

ln

RT

H

dT

ad fus

Tliq ∆=                                              (1.25) 

Thus, Eq.(1.25) can be integrated as 

∫
∆=

T

T

fus

T
liq

F

dT
RT

H
a

2
ln                                            (1.26) 

Where 
fus

TH∆ is the enthalpy change of fusion. If the temperature range (T, TF) 

is very narrow, ΔHT
fus

 can be assumed to be a constant. However, for some 

electrolyte solutions with high concentration, the FPD,θF=TF-T, could be high. Thus 

it is assumed to be linear temperature dependence, represented by the differences of 

heat capacity between the liquid and solid phases at the normal freezing point of 

solvent(ΔCp
fus

=Cp
liq

-Cp
sol

), as shown below 

)(,0 F

fus

p

fus

T

fus

T TTCHH
F

−∆+∆=∆                                  (1.27) 

fus

TF
H ,0∆ is the enthalpy change of fusion of the pure solvent at TF. 

Integrating Eq.(1.26) with Eq.(1.27), one can obtain  
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Eq.(1.28) can be employed directly with the help of some computing tools. 

However, in order to simplify the calculation, the logarithmic function also can be 

approximated using a Taylor series expansion 
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    In this equation, x value is less than unity. 

If only the first two terms are employed, Eq.(1.28) can be recast as 
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Then, the freezing point depression of the solution is 
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The preliminary investigations by using Eqs.(1.28) and (1.31) respectively 

showed that the calculated results from Eq.(1.31) is almost as good as ones from 

Eq.(1.28). However, Eq.(1.31) greatly simplifies the calculation procedures. 

The similar procedure also can be applied for analysis of the boiling point 

elevation. The equation for calculation of BPE is listed below: 

( )liq

vap

pB

vap
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liq
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,0
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B +∆+∆

∆−∆+−∆−
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Where vap

TB
H ,0∆  is the enthalpy of vaporization of pure solvent at its normal 

boiling point, TB. ΔCp
vap

=Cp
vap

-Cp
liq

, is the difference in heat capacity between the 

vapor and liquid phases at the normal boiling point of the pure solvent.  

Thus, if the activity of the solvent in the solution is known, the FPD/BPE of an 

electrolyte solution is theoretically to be estimated from Eqs.(1.31) and(1.32).  

In the present model, the activity of solvent can be calculated by Eqs.(1.17) and 

(1.18). Most of the parameters for single salts in water or other solvents can be found 

in Supplements 1 and 2. For some aqueous systems, the model parameters were newly 

determined by the method in Section 1.3. All these parameters used in this work are 

listed in Table 1 of Supplement 3. It should be noted that, the calculations of FPD/BPE 

data also need the thermodynamic constants of pure solvent as shown in Eqs.(1.31) 

and (1.32). These constants are listed in Table 2 of Supplement 3. 

Derivation of vapor pressure and enthalpies of vaporization. At low pressure, 

the vapor pressure of the solvent in a solution also is related to the solvent activity. 

0

S SS PaP =                                                   (1.33) 

Where as is the solvent activity in a solution, same as aliq. PS and PS
0
 are the 

vapor pressure of the electrolyte solution and pure solvent at the same temperature 

respectively. PS
0
 can be calculated by Antonie equation. For different solvents, the 

vapor pressure is only dependent on temperature with solvent-specific empirical 

parameters. The Antonie coefficients used in this work for calculating the vapor 

pressure of pure solvents are listed in Table 3 of Supplement 3.  
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For an electrolyte solution with a specific concentration, the Clausius-Clapeyron 

equation can be used to describe the relationship between the enthalpy of vaporization 

and the temperature-dependent vapor pressure  

R

H

Td

Pd vap∆−=
)/1(

ln
                                            (1.34) 

Rearranging Eq.(1.33) and combining with Eq.(1.34), one can obtain 

( )dTaddTPdRTH sS

vap /ln/ln 02 +=∆                             (1.35) 

The first term in the right hand of Eq.(1.35) can be obtained from Antonie 

equation. For instance, the following equations are obtained for water 

T = 273 K to 303 K: 20 )737.31/(675.1838/ln −= TdTPd S            (1.36a) 

T = 304 K to 333 K: 20 )9.4853/(926.7331/ln −= TdTPd S            (1.36b) 

The second term can be expressed by differentiating Eqs.(1.17) and (1.18), the 

results are shown below 
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Since the density of solvent, ds and the static dielectric constant, D, are all 

dependent on the temperature, the form of dAΦ/dT is very complicated. For aqueous 

solutions, Spencer et al.[32] and Moller[33] proposed the following equations to 

calculate AΦ values: 

For aqueous solutions above T =298.15 K: 

AΦ=3.36901532*10
-1

-6.32100430*10
-4

*T+9.14252359/T-1.35143986*10
-2

*lnT 

+2.26089488*10
-3

/(T-263)+1.92118597*10
-6

*T
2
+45.2586464/(680-T)

      
(1.39a)

     
 

dAΦ/dT=-6.32100430*10
-4

-
 
9.14252359/T

2
-1.35143986*10

-2
/T 

-2.26089488*10
-3

/(T-263)
2
+3.84237194*10

-6
*T+45.2586464/(680-T)

2 
(1.39b) 

For aqueous solutions below T =298.15 K: 

AΦ=86.6836498+8.48795942*10
-2

*T-8.88785150*10
-5

*T
2
+4.88096393*10

-8
*T

3
 

-1.32731477*10
3
/T-17.6460172*lnT

                                             
(1.40a)

    

dAΦ/dT=8.48795942*10
-2

-1.7775703*10
-4

*T+1.464289179*10
-7

*T
2 

+1.32731477*10
3
/T

2
-17.6460172/T                           (1.40b)

  
 

According to Eqs.(1.35)-(1.40), the enthalpies of vaporization of different 

electrolyte solutions at a known concentration and temperature can be calculated. It 

should be pointed out that the value estimated from this equation is only the value of 

enthalpy of vaporization at the beginning of the vaporization, without considering the 

variation of solution concentration during vaporization. 
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1.6.2  Results and Discussion 

In this work, the standard relative deviation between the calculated and literature 

data for an electrolyte solution is defined as:   

p

n

refrefcal nVVV
p

/)/(∑ −=δ                                   (1.41) 

The V stands for the values of θF, θB, Ps and ∆H
vap

 in this work. np is the data 

points of literature. The superscript ‘cal’ and ‘ref’ refer to the calculated results and 

reference data, respectively.  

The calculations of freezing point depression are carried out for many single 

electrolyte solutions covering 1-1, 1-2, 2-1, 2-2 and 3-1 types, by Eq.(1.31) with the 

parameters shown in Tables 1 and 2 of Supplement 3. The results along with the 

maximum molality(mol/kg solvent), the temperature range, and 10
2
·δ values, are 

shown in Table 4 of Supplement 3. From this table, one can see that the calculated 

results are in good accordance with the literature data for most of the systems, 

especially for 1-1 type electrolytes. However, the results are less satisfactory for other 

types of electrolytes, such as CaCl2, ZnCl2, ZnBr2, UO2(NO3)2 and MnSO4 etc. It 

should be noted that the integration of heat capacities with linear temperature 

dependence may bring about some errors. However, the large deviations are more 

likely to be attributed to the following reasons: 

(a) The deviation from model assumption. In the modified TCPC model, the 

electrolyte molecules are assumed to dissociate completely, which is accurate for the 

strong electrolyte solutions or the solutions with low concentration. Thus, good results 

are obtained for 1-1 electrolyte. But for the weak electrolytes or the solution with high 

ionic strength, it is less accurate due to incomplete dissociation of electrolyte 

molecules or the association of ions. 

(b) The properties of electrolyte. For the asymmetric electrolytes, the size 

difference between anion and cation is very large, which can not be fully described by 

the PDH term and solvation effect of this model. Moreover, the hydrolysis of some 

salts, such as CaCl2, ZnCl2, ZnBr2, etc., can bring about the changes in the nature of 

the solute and the complex forms of ions existing in the solution simultaneously, 

which also can not be fully described by the present model. On the contrary, the 

association effects of ions of some 2-2 type electrolytes, such as MnSO4, ZnSO4, etc., 

can also not be neglected. These factors make the model perform less satisfactorily  

for these electrolytes.  

Tables 5 and 6 of Supplement 3 show the calculated results of boiling point 

elevation compared with the literature values for electrolytes in water and methanol, 

respectively. Similarly, a better performance is observed for 1-1 electrolytes. However, 

more poor results are found, the model failed to calculate BPE data for 2-2 

electrolytes. Even for 1-1 electrolyte, such as LiCl, LiBr, NaBr, etc., large deviations 

are obtained. The main reason of this phenomenon is that the source data is taken 

from very high ionic strength, such as 35 mol kg
-1

 for LiCl, 30 mol kg
-1

 for 

CaCl2(Also because of the hydrolysis), etc. As the reasons mentioned before, the 
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model is limited to be used in very high concentrated solutions. Furthermore, 

incomplete dissociation due to the higher covalent character of the bonding in the 

solute, as in the case of LiCl is also likely to add the deviation. 

Apart from these reasons, another reason is applicability of the parameters in 

Table 1 of Supplement 3. These parameters all have an applicable concentration range; 

a poor calculated result is often obtained beyond this range. In Table 5 of Supplement 

3, the maximum concentration of many electrolytes are far beyond this range, for 

instance, 16.3mol·kg
-1

 for NH4Cl(valid range<7.405mol kg
-1

), and 5.0mol kg
-1

 for 

KClO3(valid range<0.7mol kg
-1

). Generally, a good result can be obtained within the 

applicable range of parameters. In Table 5 of Supplement 3, the calculated results in a 

lowered concentration range for these electrolytes are also listed, which show 

significant improvements.  

Moreover, it should be noted that, the characteristic parameters in Table 1 of 

Supplement 3 for calculating the solvent activity are regressed from the literature data 

at T =298.15 K, but the activity of solvent for FPD/BPE calculation should be either 

at a low temperature close to the freezing point, or at a high temperature close to the 

boiling point. In this case, the temperature dependence of the model shall be 

considered. Although in Eq.(1.17), the solvation parameter is treated to be 

independent of temperature, which hopefully shows a positive effect to overcome this 

problem, the activity coefficients in a solution at the freezing point or boiling point 

maybe very different from the ones at T =298.15 K. Thus, if the characteristic 

parameters close to the freezing point or boiling point are known, the results are 

expected to be improved. Those parameters for some salts have been obtained in this 

work and appended in Table 1 of Supplement 3. The calculated results with those 

coefficients are also listed in Tables 4 and 5 of Supplement 3. One can see that the 

10
2
·δ values for most of those electrolytes(Marked in Tables 4 and 5 of Supplement 3) 

are reduced, overall 10
2
·δ value from 3.84 to 2.69 for freezing point elevation, and 

6.02 to 5.32 for boiling point elevation.  

Some examples of the prediction of FPD/BPE are shown in Figs.1.19-1.21. 

The model is also used to calculate the vapor pressure of aqueous and 

non-aqueous solutions with results presented in Tables 7 and 8 of Supplement 3, 

respectively. One can see that the calculated results agree fairly well for most 

electrolytes, only except for ZnCl2(10
2
·δ=14.8) and NaI(10

2
·δ=8.99) in methanol. The 

exception of ZnCl2 is due to the very high ionic strength and a better result is obtained, 

0.39 for concentration below 2.06232mol kg
-1

. The large deviation of NaI is caused 

by the validity of parameters(valid range<0.7mol kg
-1

). A good agreement is obtained, 

10
2
·δ=0.49 for concentration below 1.703 mol kg

-1
.  

 



Part I: Thermodynamics of electrolyte solutions 

-28- 

0 1 2 3 4
0

4

8

12

16

20

F
re
e
z
in
g
 P
o
in
t 
D
e
p
re
s
s
io
n
 /
o
C

I /(mol/kg)
 

Figure 1.19. Experimental and calculated values of freezing point depression versus 

the ionic strength.□, KI; ○, NaOH; △, HCl. 
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Figure 1.20. Experimental and calculated values of freezing point depression versus 

the ionic strength.□, SrCl2; ○, ZnSO4. 
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Figure 1.21. Experimental and calculated values of boiling point elevation versus the 

ionic strength.□, KCl; ○, KBr. 

 

On the other hand, the enthalpies of vaporization also can be calculated from Eqs. 

(1.35)-(1.40). The present method is employed to calculate the values of enthalpies of 

vaporization of different saturated aqueous solutions at different temperatures, shown 

in Table 9 of Supplement 3. The saturated vapor pressures are also estimated and 

listed in this table. Comparing the calculated results of saturated vapor pressure with 

Tables 7 and 8 of Supplement 3, the deviations are higher. Good results for enthalpy 

of vaporization also can be found for most 1-1 type electrolytes, but not very well for 

some other types of electrolytes. It should be noted that, most of the experimental 

∆H
vap

 values are the ones at saturated points. The concentrations are very high, such 

as 36.229 mol kg
-1

 for NH4NO3, 10.421mol kg
-1

 for Ca(NO3)2, beyond the valid range 

of the parameters in. As mentioned before, the results deteriorate in case of very high 

concentration. Accordingly, for a solution that is not saturated, such as KSCN, CaCl2 

in Table 9 of Supplement 3, a good result can be observed.  

From the calculated results of FPD/BPE, vapor pressure and enthalpies of 

vaporization shown in Tables 4-9 of Supplement 3, generally, relative large deviations 

can be found in the high ionic strength range, which indicates that this method is not 

very suitable in case of very high concentration range. However, since the TCPC 

parameters of hundreds of salts have been generated in this thesis, this method still 

can be recommended as a very good approximation for calculation of these properties 

for electrolyte solutions, at least for strong electrolytes or solutions in a concentration 

range within the applicable range of the parameters, which will be useful in case of 

scarcity of experimental data. 
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1.7 Conclusions and Future Work 

In this part of work, the original TCPC model was modified and extended to be 

used for aqueous as well as non-aqueous solutions over a larger range of 

concentration. The model can be formulated with two parameters, b, the approaching 

parameter, S, the solvation parameter and the distance parameter, n. The two sets of 

parameters, (b, S, n=0.645) and (b, S, n), were both obtained from the reported 

experimental data of mean activity coefficients or osmotic coefficients. 

For aqueous solutions, model parameters for 283 single salts are obtained. The 

model with adjustable n values shows more accurate results than the model only with 

b and S, where n is a constant, 0.645, especially at high concentration. Compared with 

the other models, the results show the present model is on par with the Pitzer model 

for many single salts, while the original TCPC model parameters are not suitable for 

predicting the thermodynamic properties in the high concentration range. 

For non-aqueous solutions, two sets of parameters (b, S) and (b, S, n) were 

obtained for non-aqueous electrolyte solutions at 298.15K or other temperatures. 

Furthermore, we developed our model for mixed solvent systems. For all of the 

different composition of solvent, this model performed fairly well in being fitted for 

the experimental data. Some typical calculated results indicate that the model with 

three parameters is more compatible in high concentration region, whereas the one 

with two parameters is suitable in the case of relative low concentration. 

Based on this model, a new method for calculating the freezing point depression, 

boiling point elevation, vapor pressure and enthalpies of vaporization of aqueous and 

non-aqueous electrolyte solutions was proposed. The calculation only needs the 

thermodynamic constants for pure solvent and the reported adjustable parameters in 

the literature. The calculated results are acceptable, especially for 1-1 type electrolytes 

or solutions in a concentration range that is not very high. A very good performance is 

found for vapor pressure calculation. However, the present method is not suitable for 

solutions with very high concentration, due to the incomplete dissociation of 

electrolyte molecules or the association of ions. This model also cannot fully describe 

some asymmetric electrolytes, and the calculation for concentration far beyond the 

maximum applicable range of the characteristic parameters is also easy to bring about 

a large deviation. Besides this shortage, this method can be considered to provide a 

good first approximation for the calculation of those properties. 

In the future, there are two aspects to be carried out. One of them is to extend 

this model for multi-component system. Another task is to apply this method for 

prediction of phase equilibria and separation, which will be very important for the real 

industrial practice.  
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2. Molten Salts Extraction Process 

2.1  Background and Scope 

During ironmaking and steelmaking process, some metals, such as Cr, Mo, V, 

etc., can get oxidized and these oxides end up in the slag or dust. Apart from the 

adverse economic factor accompanying the metal losses due to oxidation, these slags 

pose a serious environmental threat as these metals finally can be leached by acid 

rains over years. Considering the health hazards posed by these elements to human 

and animal systems, it is imperative to recover these metals before the slags can be 

used as land fills or road making. Further, with the increasing metal prices, the 

recovery of these metals offers an added economic advantage. Thus, it is highly 

interesting to utilize the slag as a secondary source of metals. In this context, a 

process that can be used both for slags containing these metals as well as low grade 

ores would be very attractive. 

On the other side, the traditional process for treatment of copper ore by 

smelting-converting and electrorefining has dominated the copper industry for 

centuries. It comprises of the following steps[34]: (a) concentration by froth flotation; 

(b) roasting, (c) matte smelting(in blast, reverberatory, electric or flash furnaces) and 

(d) conversion to blister copper. The production of high-purity copper needs 

additional electrolytic procedure. The process is complex and long, and other metal 

values, such as iron, are concentrated in the slag at the end of process. This not only 

leads to extra process steps to treat the slag to minimize the pollution, but also to 

recover valuable metals. Moreover, though the emission of SO2 can be captured in the 

form of sulfuric acid. It still has a negative effect on the environment. 

Based on this situation, in this thesis, a novel molten salt process towards the 

extraction of metal values from the slag/ore is proposed. The emphasis is paid on 

recovery of chromium from EAF slag as well as chromite. Furthermore, this process 

is also extended for the treatment of copper ore including oxides and sulfides. The 

electrochemical behavior of the metal ions in the salt phase were studied by cyclic 

voltammetry for a better understanding of this process. Another similar process, 

which is called FFC Cambridge Process[35] designed initially for reduction of oxides 

is extended for the treatment of copper sulfides.  

2.2  Salt Extraction Process 

This new process is based on the principle of “leaching of the metal values” from 

the materials covering slags, low grade ores and oxidic refractory waste materials 

using molten salts at temperature above 600
o
C. The process can be divided into two 

steps: In the first step, the slag or ore containing metal values of interest, such as Cr is 

dissolved into the molten salt phase at a suitable temperature. This extraction step is 

enabled by the choice of a suitable fluxing agent. Earlier work in the present 
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laboratory has shown AlCl3, which has now been protected by a patent application, is 

a powerful fluxing agent in this regard. In the second step, the salt phase is subjected 

to electrolysis in order to recover the metal of interest as a cathode deposit. The 

schematic diagram of this process is shown in Fig. 2.1. It is interesting to note that the 

salt melt used for extraction can be recycled. The metals can be selectively 

electrodeposited from the salt melt. However, it is also possible to be addressed by 

vaporization of the metal chlorides and condensing them, or by leaching of salt phase 

by water and extracting the metals as hydroxides by hydrometallurgy method. The 

process can design to be continuous by combining the two steps. The anode off-gas 

from electrolysis, Cl2 can be reused for accentuating the dissolution of slag/ores. The 

residue after processing, which consists essentially of Al2O3 and SiO2, can safely be 

used for landfill, building construction or as a raw material for the refractory industry.  

 

 

Figure 2.1. Schematic diagram of Salt Extraction Process 

2.3  Materials and Experiments 

Extraction of Cr, Fe values from EAF slag and chromite.  

Two slag samples from different stages of EAF practices, after tapping and 

before blowing O2, at Uddeholm Tooling AB were investigated. The chromite ore 

powder was of Vietnamese origin. The chemical compositions of the raw materials are 

shown in Table 2.1. The salts, NaCl and KCl (E.Merck, Darmstadt, Germany, 99.5%) 

slag, chromite ore, and the alumina crucible used(99.5%, 40mmOD, 36mmID, 60mm 

height from KERANOVA AB, Sweden) were stored in an oven at 110
o
C before use. 

The flux used, AlCl3, was supplied by E-merck, Darmstadt, Germany. The salt 

mixtures NaCl-KCl, flux and EAF slag/chromite were mixed evenly, heated in an 
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alumina crucible with a lid to the targeted temperature, and held for a fixed time. 

Argon gas(ICP 5.0, AGA gas AB, Sweden) was introduced as the protective gas. The 

gas was cleaned from moisture impurity by passing through silica gel. The crucible 

was crushed to collect all the substances after dissolution. For slag No. S1, each salt 

melt was dissolved in distilled water completely. The residue was prepared for 

chemical analysis. The filtrate was used for ICP-AES analysis (Varian Vista AX). For 

slag No. S2, in view of the high content of Cr2O3, only a small amount salt melt was 

sampled, and dissolved in distilled water as CrCl3 has a low solubility in water.  

For electrolysis, graphite rods (4mm diameter, LORRAINE PARIS) were served 

as cathode and anode materials. Iron wire(5mm diameter)was used as the lead. The 

electrodes were polished and washed in diluted HNO3 solution to remove the possible 

impurities, and held above the salt melt 2-4 cm during the heating process. After the 

salt mixture was melted and held for dissolution at a fixed time, electrolysis started 

supplied by a DC power (hp Hewlett 6632A). After electrolysis, the electrodes were 

cooled down under the protection of argon gas. The deposited products on the cathode 

were washed by ethanol and were analyzed by X-Ray Diffraction technique (Siemens 

D5000), and Scanning Electron Microscope (SEM)(JSM-840, JEOL) equipped with 

Energy-Dispersive X-ray Spectrometry analysis(EDS link, Oxford). 

Extraction of Cu, Fe values from copper ore  

Copper(II) oxide(>99%, Sigma-Aldrich) and copper(I) sulfide(99.5%, metals 

basis, Alfa-Aesar) were used as the raw materials. The chemical composition of the 

chalcopyrite powder is shown in Table 2.2. Other procedures are similar as mentioned 

above. But for CuO, Argon gas was introduced as the protective gas. For Cu2S and 

CuFeS2, CO2 gas was introduced during the heating and holding procedures, and Ar 

gas was used during cooling process.  

For electrolysis, the procedure is also similar. But, after the salt mixture with the 

dissolved metal chlorides was melted and held for dissolution at a fixed time, the gas 

atmosphere was changed to Ar in the case of the electrolysis of Cu2S and CuFeS2. 

After 10 minutes, the electrolysis was then started. After electrolysis, the deposited 

products on the cathode or collected from the salt melt were washed by water for 

SEM/EDS and XRD analysis in the case of the electrolysis of CuO and Cu2S, and by 

ethanol in the case of CuFeS2. 

Table 2.1. Composition of EAF slags from UTAB and Vietnamese chromite 

No. Stages CaO MgO Al2O3 SiO2 FeO MnO Cr2O3 MoO 

No.S1 After tap. 41.4 7.91 3.29 10.44 23.0 4.98 3.25 0.17 

No.S2 Before blow O2 29 12.4 3.6 18.4 11.2 2.5 21.1 0.02 

No.C1 Original 0.12 8.88 11.94 12.73 22.3 0.08 41.40 - 

 

Table 2.2. Chemical composition of industrial chalcopyrite powder 

Cu ore Cu Fe S Cr Si Al Ca Pb Zn Mg 

Wt% 26.3 27.7 39.6 0.2 1.6 0.3 0.3 0.6 2.4 1.0 
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Figure 2.2. The XRD patterns of the chalcopyrite powder in this work 

 

Cyclic voltammetric measurements 

The carrier bath, NaCl, KCl，anhydrous CaCl2 and the working electrolyte, CrCl3, 

CrCl2, CuCl2, MgCl2 and MnCl2 from Alfa-Aesar, and the container, alumina 

crucible(99.5%, 70mmOD, 54mmID, 100mm height)were all stored in an oven at 

200
o
C. FeCl3(Alfa-Aesar, anhydrous, 98%) is extremely hygroscopic and was stored 

in a closed container in a desiccator, and handled very quickly and carefully during 

the experimental run. In case of the molten bath containing CaCl2, the mixed salt bath 

was dried for about one hour and then quickly placed inside the reactor due to 

practical constraints even though it would have been preferable to use a glove box. A 

typical three-electrode assembly consisting of a sealed alumina tube reactor with 

water cooling was employed in this work. Argon gas was used as protective 

atmosphere. Tungsten wire(2mm diameter) or glass carbon rod(3mm diameter) was 

used as the working electrode. The counter electrode was a carbon rod(20mm 

diameter) and the reference electrode was Ag/AgCl with 4 mol% AgCl in CaCl2-NaCl 

melts inside a mullite tube(8mm diameter) with a silver wire serving as the lead.   

The three electrodes were polished and washed by ethanol to remove the possible 

impurities, and held 3-5 cm above the salt melt during the heating process. The entire 

assembly was controlled by a programmed heating pattern(EUROTHERM), first to 

200
o
C, then 400

o
C and finally 800

o
C(actual temperature of the bath was 827

o
C). The 

salt bath was kept at this temperature for 0.5-1h to ensure the homogeneity. The 

electrodes were then dipped into the salt phase and the electrochemical measurements 

were initiated. The predetermined amount of working electrolytes were introduced 

into the bath through a dried alumina tube. The area of the working electrodes was 

determined separately in each experiment by measuring the wetted area (visual 

inspection) of the electrode surface (after use). 

The eletrodeposition of chromium was tested under constant voltage by using a 
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two-electrode cell. The cathode and anode materials were graphite rods (4mm 

diameter, LORRAINE PARIS). The deposited product was washed by ethanol and 

characterized by X-ray diffraction(XRD) and scanning electron microscope(SEM). 

2.4  Extraction of Cr, Fe Values-Supplement 4 

2.4.1  Dissolution  

Fig. 2.3 shows the standard Gibbs energy changes of metal oxides with the flux 

AlCl3. It indicates that SiO2 is very difficult to be dissolved in the salt melt, thus can 

be separated as a residue with Al2O3 after leaching the salt and slag phases in water at 

the end of the process. Two typical EAF slags, No.S1 and S2 with a high content of 

FeO and Cr2O3, respectively, as shown in Table 2.1, were investigated. Four factors, 

holding temperature, holding time, flux content (mole ratio to NaCl-KCl mixture) and 

flux/slag(weight ratio) were investigated.  
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Figure 2.3. The Standard Gibbs energy change of different oxides vs temperature 

 

For slag No. S1, an orthogonal experimental design was employed. The yield of 

the extracted metal are shown in Table 2.3. In this table, the solubility ratio is defined 

as the ratio of dissolved oxide in the salt to the amount of corresponding oxide in the 

starting slag. In the present work, two methods were used to estimate the amount of 

dissolved oxide. First, the residue after dissolution was filtered and subjected to the 

chemical analysis, then the dissolved oxide can be estimated from the difference 

between the starting slag and the residue. Alternatively, the filtrate was diluted and 

subjected to ICP-AES analysis, then the contents of metal ions in the solution can be 

conversed to the amounts of oxides in the salt phase. From table 2.3, one can see that 

most of CaO, MnO and FeO can dissolve into the salt phase, while half or more Cr2O3 
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can dissolve, following in an order of ‘CaO>MnO>FeO>MgO/Cr2O3’. Some results 

from ICP-AES analysis are also listed in Table 2.3, which are in good agreement with 

the ones from chemical analysis. Since very low content of MoOx in slag, in view of 

the accuracy of the chemical analysis, it’s difficult to determine the solubility ratio of 

MoOx precisely. But experiment No.4 showed that the “MoO” in the slag after 

extraction was 0.04wt%, with a solubility ratio of 73.42%. However, Mo is not 

detected in the ICP solution, probably due to the loss of MoClx in the vapor phase 

during the salt extraction step. A variance analysis of the results shows that the 

importance of the factors follows the order, ‘flux/slag ratio>flux content>holding 

time>holding temperature’. The weight ratio of flux/slag ratio was observed to have a 

strong impact on the dissolution of the slag. Since excessive flux adds to the cost and 

as the flux can not be recovered after the extraction process, it is necessary to find out 

the optimal process parameters, especially with respect to the flux content in the salt 

melt. In this case, detailed investigations were carried out on slag No. S2 with the help 

of ICP-AES element analysis.   

 

Table 2.3  Solubility ratio of metal oxides in NaCl-KCl system 

No. Solubility of metal oxides* Conditions 

 
 CaO MgO FeO MnO Cr2O3 Temp.(

o
C) Time(h) Flux Flux/Slag 

1 97,92% 7,23% 68,10% 93,84% 36,92% 850 6 20% 1.0:1 

2 100% 31,88% 88,35% 98,18% 55,52% 850 8 25% 1.2:1 

3 99,73% 35,59% 82,37% 94,68% 56,92% 850 10 30% 1.5:1 

3I 98.81% 33.48% 78.36% 95.16% 55.79% 850 10 30% 1.5:1 

4 100% 79,80% 83,83% 92,08% 58,37% 900 6 25% 1.5:1 

4I 99.21% 70.36% 79.25% 91.88% 57.39% 900 6 25% 1.5:1 

5 99,82% 17,39% 71,66% 90,76% 48,23% 900 8 30% 1.0:1 

6 100% 31,86% 91,40% 97,26% 55,27% 900 10 20% 1.2:1 

7 100% 46,89% 84,97% 91,24% 55,97% 950 6 30% 1.2:1 

8 98,83% 80,88% 82,29% 89,28% 68,16% 950 8 20% 1.5:1 

8I 99.25% 74.55% 78.86% 90.35% 66.20% 950 8 20% 1.5:1 

9 90,61% 13,14% 83,36% 96,59% 48,24% 950 10 25% 1.0:1 

*
%100*

)(_

)(_)(_

slagMOxW

residueMOxWslagMOxW −

 

 

Figs. 2.4-2.7 show the variation of the solubility ratio of various metal oxides 

corresponding to slag No. S2 due to different process parameters. Fig. 2.4 shows the 

change of solubility ratio against the different flux/slag ratio. One can see that the 

solubility ratio of CaO shows a very high value around 100%, while MnO and FeO 

are within 80-90%, and they do not represent a significant variation with the flux/slag 
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ratio. In Fig. 2.4, three flux ratios used, viz. 1:1, 1.5:1 and 2:1 represent insufficient, 

sufficient and excessive amount of flux. One can see the solubilities of the oxides FeO, 

Cr2O3 and MgO show significant change. Under the same condition, the increase of 

flux content can improve the solubility ratio of FeO, Cr2O3 and MgO. But the 

excessive amount of flux/slag ratio, viz. 2.0, does not contribute to a significant 

increase in the solubility ratio of Cr2O3. Consequently, in the experiments that 

followed, the flux/slag of 1.5 was employed. 

In Fig. 2.5, the similar phenomenon is observed for CaO, MnO and FeO, while 

the solubility ratio of Cr2O3 also increases with the increase of flux content. However, 

the influence is smaller than the flux/slag ratio. Fig. 2.6 shows the changes of the 

solubility ratio against the temperature. In this figure, the solubility of Cr2O3 does not 

show a significant change, which indicates the small temperature dependence of the 

dissolution process. The change of solubility ratio against the holding time in Fig. 2.7 

shows a similar law, except for MgO. In Figs. 2.5 and 2.6, the changes of MgO 

solubility ratio are random to some extent. These results are consistent with those 

obtained for slag No.S1 in table 2.3. Compared with the thermodynamic calculations 

in Fig. 2.3, the exception is MgO. The possible reason may come from the following 

reactions: MgCl2+MnO=MgO+MnCl2 and MgCl2+FeO=FeCl2+MgO, while the 

reaction; 3MgCl2+Cr2O3=2CrCl3+3MgO, is impossible. Generation of MgCl2 may 

promote the dissolution of FeO and MnO, but decrease the solubility ratio of itself.  

Similar results for dissolution of FeO and Cr2O3 from chromite ore can also be 

observed in Fig. 2.8. Based on the results, the optimized process parameters were 

chosen as (a) temperature of 950
o
C, (b) flux/slag at 1.5 or 2, (c) holding time of 8h 

and (d) flux content of 30%. 

 

 

(a)                                 (b) 

Figure 2.4. The solubility ratio of slag No. S2 against the weight ratio of flux/slag.(a) 

At temperature 950
o
C, holding time of 8h and flux content of 20%. The star(☆) 

stands for the value of solubility ratio of pure Cr2O3 at the same condition. Other 

symbols stand for the value at temperature 950
o
C, holding time of 8h and flux content 

of 25%. (b) At temperature 950
o
C, holding time of 8h and flux content of 30%. The 

star(☆) stands for the value of solubility ratio of pure Cr2O3 at the same condition. 
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2.4.2  Electrolytic Recovery 

The dissolution test proves that the metal values in EAF slag/chromite can be 

extracted into the salt phase. The corresponding ionic states for the cations are likely 

to be Fe
2+

/Fe
3+

, Cr
3+

/Cr
2+

, Mn
2+

, Mg
2+

 and Ca
2+

 together with Na
+
, K

+
. It should be 

noted that, the amount of flux AlCl3 for dissolving the slag maybe high in the present 

work, since all the metal chlorides can get recovered.  

The schematic diagram of the selective electrolysis method is shown in Fig. 2.9. 

Under different cell potentials, the various metals or alloy can be deposited on the 

cathode surface. The theoretical decomposition voltage plotted in Fig. 2.10, can give 

Figure 2.5. The solubility ratio of slag No. 

S2 against the flux content at temperature 

950
o
C, holding time of 8h and flux/slag at 

1.5. 

Figure 2.6. The solubility ratio of slag No. S2 

against the holding temperature at holding 

time of 8h and flux content of 30% and 

flux/slag at 1.5. 

Figure 2.7. The solubility ratio of No. S2 

slag against the holding time at 

temperature 950
o
C, flux content of 30% 

and flux/slag at 1.5. 

Figure 2.8. The solubility ratio of No. C1 

chromite against the flux/slag ratio at 

temperature 950
o
C, flux content of 30% and 

holding time of 8h. 
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the deposition trend as FeCl2>CrCl3>MnCl2>AlCl3>MgCl2>NaCl>CaCl2>KCl. It 

shows that Fe and Cr will deposit first. Taking account of the higher cell voltage 

requirement and the lower content of Mn
2+ 

and Mg
2+

 in salt phase, under a cell 

voltage of 2.8V, ferrochromium alloy is likely to be the main product. It should be 

noted that, the electrodeposition of metals can be affected by a number of factors even 

in pure molten salt systems, as for example, over voltage, current density, current 

efficiency, electro-bath conductivity, the nature and surface of the cathode material 

and distance between electrodes, etc. In the present work, several electrolysis tests on 

EAF slag/chromite were carried out with promising results. 

 

 

 

 

 

A typical photo of the cathode product after electrolysis of the slag is shown in 

Fig. 2.11. The deposit consists of FeCr-rich alloy with a low amount of oxygen and 

salt mixtures with some undissolved slag. After removing the adhered product and 

washing the cathode with ethanol, a typical SEM image of the deposited product 

could be obtained which is shown in Fig. 2.12. A dendrite-like structure of the crystal 

deposit could be observed in this figure. Further EDS analysis of the dendritic crystal 

presented in Fig. 2.11 shows that it consists of Fe, Cr along with low content of 

oxygen(below 10%) and a small amount of Ca, Na, K and Cl. It should be noted that 

the oxygen content in this EDS analysis is not accurate. The present experiments 

show clearly that ferrochrome can be recovered from the slag by the combined 

extraction-electrolysis process. XRD results of the adhered substances on the cathode 

confirm the formation of Fe-Cr, as shown in Fig. 2.13. The cathode products consist 

mainly of Fe-Cr, inclusions of NaCl and KCl from the electrolyte apart minor levels 

of other impurities. 

Figure 2.9. The schematic diagram of the 

selective electrolysis method 

Figure 2.10. The theoretical decomposition 

voltage of different metal chlorides 
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Figure 2.13. XRD patterns of the cathode products of slag electrolysis. 

 

Similar electrolysis experiments were also tested on chromite ore. Typical SEM 

images of the cathode product from these experiments are shown in Fig 2.14. The 

EDS analysis of the image shows that it consists of 38%wt Fe, 56%wt Cr and small 

amounts of Na, K, Ca and Cl. Other crystals shown in this figure consist mainly of Na, 

K and Cl.  

 

Figure 2.11. A typical photo of 

the cathode product after 

electrolysis 

Figure 2.12 Typical SEM image of cathode product of 

No. S1 slag after 10h electrolysis at 950
o
C, holding time 

of 8h, flux content of 25% and flux/slag=1.5. Voltage 

2.8V, current density:~150mA-250mA/cm
2
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Figure 2.14. Typical SEM image of cathode product of No. C1 chromite after 10h 

electrolysis at 950
o
C, holding time of 8h, flux content of 30% and flux/chromite=2. 

Voltage 2.8V, current density:~150mA-250mA/cm
2
 

 

The present results show that this new process is quite promising. One important 

problem in the current series of experiments is that the cathode product is easily 

contaminated by the undissolved slag. Since it is very difficult to collect all the 

products after electrodeposition due to the bad adherence of the cathode products, the 

current efficiency and recovery ratio of metal values could not be determined. As the 

cathode area in the present series of experiments is small, a high current density at the 

beginning of electrolysis can easily bring about dendritic crystallization, which can 

make the metal deposition difficult on the cathode surface. Thus, the future work on 

this process will be concentrated on the improvements on the electrodeposition 

process. Some of the problems associated with the electrolytic process can be solved 

by up-scaling the process. In the case of the laboratory experiments, the crucible size 

is very small, which would lead to the undissolved slag coming into contact easily 

with the cathode. This will not only decrease the conductivity of the salt bath, but also 

contaminate the cathode surface. Consequently, it would be more difficult to get a 

good cathode deposit with good adherence. But, in a plant trial with a very large 

volume of equipment, it is expected that the undissolved slag could easily fall down 

and the pure salt phase would be on the top. Selective electrodeposition of the various 

metals and alloys extracted by the salt melt can be carried out without contamination. 

An effective separation of the slag residue and salt melt is also enabled. In a plant trial, 

careful design of cathode and anode can avoid the situation of imposing a very high 

current density during the electrodeposition. This would be of great help in obtaining 

a dense and high quality deposited layer. The introduction of cathode bag might also 

be helpful in collecting the cathode products.  
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2.5  Extraction of Cu, Fe Values-Supplement 5 

In case of treatment of sulfide materials, the process parameters need slight 

alterations. First, in the dissolution step, since the sulfide materials can not directly 

dissolve in the NaCl-KCl system with the patented flux AlCl3, the introduction of 

oxidizing atmosphere is necessary. But, the oxygen partial pressure needs to be 

accurately controlled in order to reduce the emission of SO2. In the present work, CO2 

was employed as a preliminary attempt in the dissolution step. Further experiments 

are planned for more precise control of the oxygen partial pressure.  

In case of CuO, the reaction is: 

CuO+(2/3)AlCl3=(1/3)Al2O3+CuCl2,                               (2.1) 

In case of Cu2S, the overall reaction can be written as: 

Cu2S+(2/3)AlCl3+CO2=2CuCl+(1/3)Al2O3+(1/2)S2+CO                (2.2) 

Similarly, overall reaction for dissolution of CuFeS2 is shown below: 

CuFeS2+AlCl3+(3/2)CO2=CuCl+FeCl2+(1/2)Al2O3+S2+(3/2)CO         (2.3) 

With the prevalence of oxidizing atmosphere, the formation of SO2 and higher 

valence of copper and iron oxides would occur. The reaction scheme of standard 

Gibbs energy changes of these oxides corresponding to per mole chloride are shown 

in Fig. 2.15. Thus, Cu
+
/Cu

2+
 or Fe

2+
/Fe

3+
 exist in the salt phase with Na

+
 and K

+
 after 

dissolution. 

In the present experimental series, during the electrolysis step, the atmosphere is 

changed to argon gas. The theoretical decomposition voltage of the metal chlorides 

are calculated and plotted in Fig. 2.16. One can see that the decomposition voltages of 

CuCl/CuCl2 and FeCl2/FeCl3 are very low, which indicates it is easy to get it deposit 

on the cathode. It is worthy to mention that the decomposition of CuCl2 and FeCl3 are 

much easier than CuCl and FeCl2, respectively. It is admitted that higher valency 

copper chloride or iron chloride present in the system would increase the consumption 

of AlCl3 flux. On the other hand, the deposition potentials in Fig. 2.16 indicate that the 

elecrodeposition of corresponding metals from the chlorides of higher valency cations 

is likely to occur at lower voltages, which is favorable to industrial application . 

Based on Fig. 2.16, taking account of the system resistance, a cell voltage 

between 1.6V~2.2V is chosen in the present work , and Cu/Fe was expected to be 

deposited as the products on the cathode. 



Part II: Molten salts extraction process 

-43- 

400 600 800 1000 1200 1400

-220

-200

-180

-160

-140

-120

-100

-80

-60

-40

 

 

D
el

ta
 G

o
(k

J/
m

o
l)

T(K)

 CuCl

 CuCl
2

 FeCl
2

 FeCl
3

 

Figure 2.15. The standard Gibbs energy change of metal chlorides vs temperature 
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Figure 2.16. The theoretical decomposition voltage of different metal chlorides 

2.5.1  Dissolution 

In the dissolution step, the same four factors, viz. holding temperature, holding 

time, flux content (mole ratio of AlCl3 to NaCl-KCl salt mixtures) and flux/(copper 

oxide/sulfides)(wt/wt) were investigated. Fig. 2.17 illustrates the extraction ratio of 

copper oxide against the AlCl3/CuO weight ratio. Surprisingly, the extraction ratio at 

2.0 is lower than the one obtained at 1.5, which means excessive flux is not favorable 
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to the dissolution. This is also beneficial in industrial practice considering the heavy 

vaporization of AlCl3 in an open system. Higher flux content, longer holding time and 

higher temperature also can increase the extraction ratio, as shown in Fig. 2.17. Fig. 

2.18 shows the change of extraction ratio of Cu2S. The largest extraction ratio is 

found at AlCl3/Cu2S=2, however, the increase is not significant compared with the 

value at 1. 5. Other factors show the similar influences as for CuO.   

Fig. 2.19 is the result of dissolution of CuFeS2. The similar phenomenon is 

observed for extraction of copper and iron as it does in case of Cu2S. It should be 

noted that, the thermodynamic calculations in Fig. 2.15 show a more negative value 

for FeCl2, but the extraction ratio of iron is not higher than copper. Actually, since the 

crucible is not fully sealed in order to introduce CO2 into it, which caused a 

significant amount of iron chloride to vaporize on account of its high vapor pressure 

and condense along the low temperature zone of the reactor. The vaporization of iron 

chloride decreases the measured extraction ratio and the electrolytic yield of iron in 

form of metal, On the other hand, in this case, part of iron can be recovered from iron 

chloride as a by-product. 
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Figure 2. 17. The extraction ratio of CuO  

against the weight ratio of AlCl3/CuO. 

(□), at 900
o
C, holding time of 8h and  

flux content of 30%; (○), at 900
o
C,  

holding time of 8h and flux content of  

20%; (△), at 800
o
C, holding time of 8h  

and flux content of 30%; (▽), at  

900
o
C, holding time of 4h and flux  

content of 30%.  

Figure 2.18. The extraction ratio of Cu2S  

against the weight ratio of AlCl3/Cu2S. 

(□), at 900
o
C, holding time of 8h and  

flux content of 30%; (○), at 900
o
C,  

holding time of 8h and flux content of  

20%; (△), at 800
o
C, holding time of 8h  

and flux content of 30%; (▽), at 900
o
C,  

holding time of 4h and flux content of  

30%.  
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(a)                                 (b) 

Figure 2.19. The extraction ratio of CuFeS2 against the weight ratio of AlCl3/CuFeS2. 

(a) Copper; (b)Iron. (□), at 900
o
C, holding time of 8h and flux content of 30%; (○), 

at 900
o
C, holding time of 8h and flux content of 20%; (△), at 800

o
C, holding time of 

8h and flux content of 30%; (▽), at 900
o
C, holding time of 4h and flux content of 

30%. 

 

As indicated in reactions (2.1)-(2.3), if the extraction is complete, the residue 

shall be Al2O3, that can be recovered as a raw material for other industrial applications, 

such as ceramics, refractory materials etc. The XRD patterns of the corresponding 

residues of the salt melts after dissolution of CuO, Cu2S and CuFeS2, shown in Figs. 

2.20 and 2.21, which confirmed this statement. Besides the component of Al2O3, other 

main impurity is copper chloride hydroxide, it comes from the reaction between 

oxidized copper sulfide with chloride in the salt melt’s water solution. In some cases, 

a little amount of CuCl is found because of its low solubility in water, though it may 

bring about the decrease in determining the extraction ratio showed in Figs. 2.17-2.19, 

but it does not affect the continual electrolysis. Comparing the XRD patterns in Fig.2. 

20, the content of Al2O3 in CuO-2 (AlCl3/CuO ratio of 1.5:1) is higher than in CuO-1 

(AlCl3/CuO ratio of 1.2:1), which indicates a higher AlCl3/CuO ratio is favorable to 

the dissolution of CuO. This is consistent with the results in Fig. 2.17. 

For the dissolution of Cu2S, comparing the XRD results for Cu2S-1 and Cu2S-2 

in Fig. 2.21, one can find an increase of Al2O3 content in Cu2S-2, which indicates that 

longer holding time is also favorable to the dissolution. Almost pure Al2O3 is found 

for the residue of Cu2S-3. It means that higher AlCl3/Cu2S is also beneficial to the 

dissolution, same as the observation found in Fig. 2.20. It should be noted that, no 

significant amount of iron compounds are found in the residue of the salt melt of 

CuFeS2 after dissolution. It indicates that most of iron can dissolve in the salt melt. 

However, the extraction ratio of iron shown in Fig. 2.19(b) can not represent this 

statement because of the vaporization of iron chloride aforementioned. 
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Figure 2.20. XRD patterns of the residue of the salt melt after dissolution of CuO. 

Process parameters of CuO-1: 900
o
C, flux content of 30%, AlCl3/CuO ratio of 1.2:1 

and holding time of 8h; CuO-2: 900
o
C, flux content of 30%, AlCl3/CuO ratio of 1.5:1 

and holding time of 8h 
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Figure 2.21. XRD patterns of the residue of the salt melt after dissolution of 

Cu2S/CuFeS2. Process parameters of CuFeS2-1: 900
o
C, flux content of 20%, 

AlCl3/CuFeS2 ratio of 1.5:1 and holding time of 8h; Cu2S-1: 900
o
C, flux content of 

30%, AlCl3/Cu2S ratio of 2:1 and holding time of 4h; Cu2S-2: 900
o
C, flux content of 

30%, AlCl3/Cu2S ratio of 2:1 and holding time of 8h; Cu2S-3: 900
o
C, flux content of 

30%, AlCl3/Cu2S ratio of 2.5:1 and holding time of 8h. 
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2.5.2  Electrolytic Extraction 

The redox equilibrium in salt phase would consist of Cu
+
/Cu

2+
 in the NaCl-KCl 

melt after the dissolution of CuO and Cu2S, while, in case of CuFeS2, Cu
+
/Cu

2+ 
and 

Fe
2+

/Fe
3+

 redox equilibria would exist. A two-electrode system protected by Ar gas is 

employed in this laboratory investigations. The electrolysis experiments carried out 

are listed in Table 2.4. 

 

Table 2.4. Experiments of the electrolysis of copper oxide/sulfide and yield of copper 

No. Materials 

weight/g 

Flux/salt 

mol% 

Flux/Mater. 

(Wt/Wt) 

Potential 

/V 

Elec. 

Time/h 

Copper 

/mg 

Copper 

Yield/% 

1 CuO/7.5g 30% 2:1 2.2 12h 2128.6 35.5% 

2 CuO/10g 30% 1.5:1 2.2 12h 3337.6 41.7% 

3 CuO/6.7g 20% 1.5:1 2.2 12h 2116.8  39.5% 

4 Cu2S/7.5g 30% 2:1 2.2 16h 2684.6 38.1% 

5 Cu2S/6.7g 20% 1.5:1 2.2 14h 2802.3 52.3% 

6 Cu2S/10g 30% 1.5:1 1.6 20h 2252.6  28.15% 

7 CuFeS2/6.7g 30% 1.5:1 2.2 12h 1206.4 43.2% 

8 CuFeS2/6g 20% 1.5:1 2.2 12h 988.2 47.5% 

9 CuFeS2/6g 30% 1.5:1 1.6 12h 879.3 42.3% 

 

Some typical photos of the cathode product and the powders collected along the 

upper portions of the reactor tube after electrolysis are shown in Fig. 2.22. During the 

electrolysis of Cu2S and CuFeS2, a yellowish powder always can be found along the 

tube and the gas channels. In case of Cu2S, it contains part of sulfur. In case of 

CuFeS2, the powder also contains iron chloride, as confirmed appearance of blood-red 

color while adding KCNS to the solution of the powder in water. However, the 

amount of sulfur in the present anode product is not high, which suggests further 

careful design and operation. 

 

  
                 (a)                              (b) 
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               (c)                                  (d) 

Figure 2.22. Typical photos of the cathode products and collected powder. (a) From 

No.1;(b)From No.5; Powders collected after electrolysis of (c)No.4-6; (d)No.7-9. 

 

    The typical XRD patterns of the cathode products after electrolysis of CuO, Cu2S 

and CuFeS2 are shown in Fig. 2.23. It clearly proves that the cathode product are pure 

copper metal in case of CuO and Cu2S, and Cu/Fe mixture ins electrolysis of CuFeS2. 

but the content of Fe is not very high since a large part of iron are concentrated as iron 

chloride.  
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Figure 2.23. Typical XRD patterns of the cathode products after electrolysis. 
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(a)                            (b) 

 

                (c)                               (d) 

 

                (e)                               (f) 

 

(g) (h) 

Figure 2.24. Typical SEM photos of the electrolytic copper. (a)(b) from No.1; (c) from 

No.3; (d)(e) from No.5; (f) from No.6; (g)(h) from No.8 

 

Fig. 2.24 shows some typical SEM photos of the electrolytic copper from CuO, 



Part II: Molten salts extraction process 

-50- 

Cu2S and CuFeS2. It can be seen that most of them are large dendrite-like or 

tower-like or nodular structures in millimeter scale, even noticeable in ocular 

observation. EDS analysis showed that the contents of copper in all these cases were 

above 99%. In case of Fig. 2.24(g) and (h), the content of iron is about 10%-30%. The 

formation of those structure can be attributed to the high current density in our present 

lab-scale investigations. For example, under a cell voltage of 2.2V/1.6V, the current 

level is about 0.6A/0.4A, the cathode current density is about 200/150 mA/cm
2
 

estimated from the area of graphite electrode immersed in the salt melt. However, in 

the industrial-scale trial, the electrode with a large area can decrease the current 

density, a dense and homogeneous layer of copper is expected to be obtained, which is 

also helpful to its separation from the salt melt. 

No attempt was made in the present work to estimate the current efficiency of the 

electrolytic process since the contents of the cations of copper and iron with various 

valencies in the salt phase could not be determined accurately. However, an 

approximate estimate of the yield of copper was made from the weights of cathode 

products for each experimental run, and listed in Table 2.4. It is defined as the ratio of 

cathode copper metal to the weight of copper in the starting materials, CuO, Cu2S and 

CuFeS2. From this table, the largest yield of copper is 52.3% in an experimental run 

for Cu2S. It should be noted that the distance between the cathode and anode in our 

lab-scale work is very small, about 1~1.5cm, and the dendrite copper during 

electrolysis is easy to drop off from the cathode. Thus, a short circuit is possible 

during electrodes, leading to the wastage of electrical energy without any output. It 

may affect the yield of electrolytic recovery. However, this aspect is also expected to 

be improved in an large-scale experiment as well as in an industrial practice.  

2.6  Voltammetric Study of Metal Ions-Supplement 6 

    In the above sections, successful extraction of CrFe alloy from EAF slag and 

chromite ore, and Cu/Fe from copper ore including copper oxide and copper sulfides 

had been accomplished. But the cell voltages employed in those investigations, viz 

2.8V for Cr extraction and 1.6V-2.2V for Cu/Fe extraction, are based on the 

theoretical decomposition voltages of the corresponding metal chlorides,. However, 

the properties of the metal ions in the salt phase after dissolution, such as deposition 

potentials, diffusion coefficients, etc., that are very helpful to improve the process 

design, thus to increase the current efficiency of electrolysis, the yield of metal/alloy 

extraction, etc., have not been paid much attention.  

After the dissolution of EAF slag or chromite in the NaCl-KCl system, the salt 

phase mainly consists of metal ions of Cr, Fe, Mn and Mg in the bath of NaCl-KCl. In 

addition, the salt phase will also include CaCl2 generated from CaO in the staring slag 

or chromite, provided that the flux of AlCl3 is completely consumed. Cr(II) and Cr(III) 

are both possible since the slag may contain CrO and CrO1.5. With respect to the 

electrochemical behavior or eletrodeposition of Cr(II) or Cr(III) in molten salt 

systems, most of them are investigated in chlorides melts especially in LiCl-KCl, 

NaCl, CaCl2-NaCl and molten NaCl-AlCl3 systems, or molten LiF-NaF-KF system. 
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Several authors also have studied the electrochemical properties of iron species in 

molten chloride, such as Fe(II) in LiCl-KCl system, MgCl2-NaCl-KCl system and 

ZnCl2-NaCl system and the electrochemical behavior of Fe2O3 in molten CaCl2-KF 

and CaCl2-CaF2. About the electrodeposition of FeCr alloy, no publication has been 

found in molten salts. There are several studies about the electrodeposition of 

magnesium, for instance in LiCl-KCl melt and molten MgCl2-MgF2 mixtures. 

On the other hand, after the dissolution of copper sulfides or oxides, the salt 

phase consists of copper ion in NaCl-KCl system or Cu, Fe species in case of 

dissolution of CuFeS2. Research about the electrodeposition of copper is often carried 

in aqueous media and very little work have been carried out about the electrochemical 

behavior of copper and iron ions in the NaCl-KCl system.  

Thus, in this section, the investigation was focused on the cyclic voltammetric 

(CV) study of the metal ions(Cr, Cu, Fe, Mg, Mn) in the (CaCl2-)NaCl-KCl salt phase 

for a better understanding of the electrochemical reactions in the salt phase, which is 

also useful for the electrowinning processes related to the metal or alloys above.  

2.6.1  Cr(III), Cr(II) in NaCl-KCl system 

Typical cyclic voltammetric transients of CrCl3 in NaCl-KCl system on a 

tungsten electrode are shown Fig. 2.25(a). One can see that the reduction of CrCl3 to 

chromium occurred through two electrochemical steps, with the peak potentials 

around -0.6V and -0.8V (vs Ag/AgCl) referred as A and B respectively. These two 

steps correspond to Cr(III)/Cr(II) and Cr(II)/Cr(0) couples. Similar behavior of Cr(III) 

in other chlorides melts were also reported. But the Cr(III)/Cr(II) couple becomes 

indistinct with the increase of CrCl3 concentration, as shown in Fig. 2.25(b). However, 

when the glassy carbon was employed as the working electrode under the same 

condition, these two steps could be clearly observed, as seen in Fig.2.25(c). Fig. 

2.25(d) shows the plot across a wider electrochemical window. In this figure, a new 

couple of peaks, labelled C and C’ can be observed in the range of 0.7-1.1V. These 

peaks could be related to the trace amounts of oxide ions in the melt and the 

population of these ions seems to be enhanced by the presence of chromium ions in 

the salt bath since the waves were also encountered in the CVs of CrCl3 in 

CaCl2-NaCl melt[36].  

The cathodic peak potentials measured under different sweep rates shift towards 

a more negative value, as shown in Fig. 2.25(c), suggesting some irreversibility of the 

electrochemical processes. However, for the deposition of Cr(II) to Cr(0) metal, the 

plot of Ep
c
 vs logv in Fig. 2.26 gives the value of △Ep

c
/△logv=134mv. For a 

two-electron irreversible reaction with a transfer coefficient, α, equal to 0.40, the 

variation 2.3RT/2αnF is equal to 90mv at 450
o
C[37]. This criterion proves that the 

Cr(II)/Cr(0) exchange is quasi-reversible with a first approximation of transfer 

coefficient equal to 0.41.  
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Figure 2.25. Voltammograms obtained for CrCl3 in the eutectic NaCl-KCl melt at 

827
o
C. (a)0.05mol/L CrCl3 and (b)0.25mol/L CrCl3 on a W electrode. A≈0.22cm

2
; 

(c)(d) 0.25mol/L CrCl3 on a glassy carbon electrode. A≈0.35cm
2
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Figure 2.26. Variation of the cathodic potential peak of Cr(II)/Cr(0) couple with the 

logarithm of the sweep rate for 0.25mol/L CrCl3 in the eutectic NaCl-KCl melt on a 

glassy carbon electrode at 827
o
C (A≈0.35cm

2
). 

 

The number of electrons transferred during the reduction process can be roughly 

estimated from the half-peak width. For a reversible deposition of an insoluble 

product, the equation[38, 39] is: 

Ep-Ep/2= -0.7725RT/nF                                           (2.4) 

Here Ep is the peak potential, Ep/2 is the half-peak potential and n is the number 

of electrons transferred. R, T and F are gas constant, absolute temperature and 

Faraday constant, respectively. Based on this equation, the average value of the 

number of charge transfer n estimated from Fig. 2.25(c) is 0.8 for peak A(close to 1) 

and 1.7 for peak B(close to 2), the results are less satisfactory, probably due to the 

quasi-reversibility of the processes.   

Plots of peak current against the square root of the sweep rate were linear, 

indicating that the process is diffusion-controlled. In case of a reversible 

diffusion-controlled process involving deposition of metal, the Berzins-Delahay 

equation[40] can be used for the calculation of diffusion coefficient: 

2/1

0

2/12/12/32/3 )(61.0 vCDRTAFni p

−=                               (2.5) 

On the contrary, Randles-Servcick equation[37] can be employed when both the 

reactant and product are soluble:  

2/1

0

2/12/12/32/3 )(4463.0 vCDRTAFni p

−=                             (2.6) 

Where ip is the peak current(A), A the surface area of working electrode(cm
2
), D 

the diffusion coefficient(cm
2
 s-1), C0 the bulk concentration of the species(mol cm

-3
) 

and v the sweep rate(V s
-1

). 
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The voltammograms can be processed by plotting the cathodic peak currents 

against the square root of the sweep rate. A typical example is shown in Fig. 2.27. The 

linear plots indicate that the mass transport of the electroactive species is 

diffusion-controlled. And from the slope of such plots, by using Eqs. (2.5) and (2.6), 

the diffusion coefficients of Cr(III) and Cr(II) were calculated. These results are 

summarized in Table 2.5. The number obtained in the case of a glassy carbon 

electrode is much larger than the one corresponding to tungsten electrode for Cr(III), 

while the corresponding numbers for Cr(II) are in the same order. On the glassy 

carbon electrode, the diffusion coefficient of Cr(III) is larger than Cr(II). It probably 

indicates that the Cr(III)/Cr(II) exchange is much faster and consequently, would not 

pose a kinetic barrier for deposition of chromium during our salt extraction process. 

 

Table 2.5. Values of the diffusion coefficient for different metal ions obtained on 

tungsten and glassy carbon electrode. 

CrCl3 in NaCl-KCl system 

Concentration /mol L
-1

 Electrodes 10
5
*DCr(III)/cm

2
 s

-1
 10

5
*DCr(II)/cm

2
 s

-1
 

0.05 W 16.6 5.4 

0.15 W 6.5 1.7 

0.25 W 2.9 2.2 

0.25 GC 30.0 1.7 

CrCl2 in NaCl-KCl system 

Concentration /mol L
-1

 Electrodes 10
5
*DCr(II)/cm

2
 s

-1
 

0.25 GC 1.0 

CrCl3 in CaCl2(8%mol)-NaCl-KCl system 

Concentration /mol L
-1

 Electrodes 10
5
*DCr(III)/cm

2
 s

-1
 10

5
*DCr(II)/cm

2
 s

-1
 

0.25 GC 29.2 0.9 

CuCl2 in NaCl-KCl system 

Concentration /mol L
-1

 Electrodes 10
5
*DCu(II)/cm

2
 s

-1
 

0.05 W 1.9 

0.05 GC 53.3 

0.10 GC 39.0 

0.15 GC 23.0 

FeCl3 in NaCl-KCl system 

Concentration /mol L
-1

 Electrodes 10
5
*DFe(III)/cm

2
 s

-1
 

0.1 GC 0.1 

MgCl2 in CaCl2(8%mol)-NaCl-KCl system 

Concentration /mol L
-1

 Electrodes 10
5
*DMg(II)/cm

2
 s

-1
 

0.05 GC 6.3 

MnCl2 in CaCl2(8%mol)-NaCl-KCl 

Concentration /mol L
-1

 Electrodes 10
5
*DMn(II)/cm

2
 s

-1
 

0.05 GC 3.8 
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Figure 2.27. Variation of the cathodic potential peak with the square root of sweep 

rate. for 0.25mol L
-1

 CrCl3 in the eutectic NaCl-KCl melt on a glassy carbon 

electrode at 827
o
C (A≈0.35cm

2
). 
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Figure 2.28. Voltammograms obtained for 0.25mol L
-1

CrCl2 in the eutectic NaCl-KCl 

melt at 827
o
C on a glassy carbon electrode( A≈0.12cm

2
).  

 

Fig. 2.28 shows the voltammetric results of the oxidation and reduction of CrCl2 

(0.25mol L
-1

) in the NaCl-KCl system. The Cr(II)/Cr(0) peak potentials can be well 

determined at -0.7V vs Ag/AgCl under different sweep rates, representing a good 

reversibility. The diffusion coefficient of Cr(II) from Fig. 2.28 is also calculated and 
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shown in Table 2.5. Diffusion coefficient of Cr(II) is estimated to be 1.0*10
-5

 cm
2
 s

-1
. 

2.6.2  Cu(II), Fe(III) in NaCl-KCl system 

Voltammograms for copper species in NaCl-KCl melt are presented in Fig. 2.29. 

Copper was found to be deposited through a single step: Cu
2+

+2e=Cu. 
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Fig. 2.29. Voltammograms obtained for CuCl2 in the eutectic NaCl-KCl melt at 827
o
C. 

(a)0.05mol/L CuCl2 on a W electrode. A≈0.22cm
2
; (b)(c) 0.1mol/L CuCl2 on a glassy 

carbon electrode(A≈0.54cm
2
). 

 

The CVs show a typical soluble-insoluble shape, and the deposition is reversible 

on a tungsten electrode, while it shows some irreversibility on a glass carbon 

electrode. However, the △Ep
c
/△logv is estimated to be 78mv, and thus can be 

regarded as a quasi-reversible process.  

The equation for estimating the number of charge transfer when the product is 

soluble can be expressed as[41]: 

Ep-Ep/2= -2.20RT/nF                                             (2.7) 

Based on this equation, the charge transfer number is estimated to be 2.2 from 

Fig.2.29(a), which proves the direct deposition of Cu via Cu(II)/Cu(0) exchange. 

From the linear plots of cathodic peak current versus the square root of sweep 

rate, the diffusion coefficients can be estimated as shown in Table 2.5.  

Typical CVs for Fe(III) in NaCl-KCl melt working on a glassy carbon electrode 

are drawn in Fig. 2.30. The electrochemical reduction wave for the step Fe
3+

+e=Fe
2+

 

observed in ZnCl2-NaCl melt[42] is not observed in the present investigation. The 

reduction wave of iron(III) shows a single electrochemical step. Diffusion coefficient 

also can be estimated and is collected in Table 2.5. The value is very low, since the 

evaporation of FeCl3 may significantly decrease the actual concentration of iron(III) 

in the melt. 

The voltammograms for a mixture (0.1mol L
-1

CuCl2+0.1mol L
-1

FeCl3) are 

shown in Fig. 2.31. Iron starts to be deposited around -0.45V(seen in Fig. 2.30), while 

copper can be deposited below -0.68V(seen in Figure 5 ), and the co-deposition peak 

can be found between -0.8 to -1.0V in Fig. 2.31. 
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Figure 2.30. Voltammograms obtained for FeCl3 (0.1 mol L
-1

)in the eutectic 

NaCl-KCl melt at 827
o
C. on a glassy carbon electrode(A≈0.35cm

2
). 
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Figure 2.31. Voltammograms obtained for a mixture(0.1mol L
-1

CuCl2+0.1mol 

L
-1

FeCl3) in the eutectic NaCl-KCl melt at 827
o
C. on a glassy carbon 

electrode(A≈0.35cm
2
). 
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2.6.3  Cr(III), Fe(III) in CaCl2(8%mol)-NaCl-KCl system 
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(b) 

Figure 2.32. Voltammograms obtained for CaCl2(%8mol)-NaCl-KCl melt at 827
o
C on 

a glassy carbon electrode(A≈0.54cm
2
). (a)0.25 mol L

-1
 CrCl3; (b)0.25mol L

-1
 CrCl3+ 

0.1 mol L
-1

 FeCl3. 
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Voltammetric studies of Cr(III) in the melt containing CaCl2 were also carried 

out in this work since a significant amount of CaCl2 could be generated in the salt 

phase. Two electrochemical steps also can be observed, but not very obvious, in the 

presence of CaCl2 from the recorded CVs in Fig. 2.32(a). The cathodic peaks 

appeared almost at the same positions as they do in the NaCl-KCl melt, which means 

the existence of CaCl2 does not show significant influence for the reduction of Cr(III). 

The starting deposition potential of iron is more negative than the reduction potential 

of Cr(III)/Cr(II) exchange. The addition of FeCl3 into CrCl3-CaCl2-NaCl-KCl melt 

contributes to some extent to the electrochemical behavior of chromium species, as 

shown in Fig. 2.32(b).  

Diffusion coefficients of Cr(III) and Cr(II) also can be estimated by Eqs. (2.5) 

and (2.6), which are also listed in Table 2.5. 

2.6.4  Mg(II), Mn(II) in CaCl2(8%mol)-NaCl-KCl system 

MgO and MnO in the starting slag or chromite are also can be dissolved in the 

salt melt as proved in Part I of this work, investigations of their electrochemical 

behaviors are important to improve the product quality. Fig. 2.33(a) illustrates a 

typical voltammogram for MgCl2 in CaCl2-NaCl-KCl salt bath. The reduction of 

Mg(II) takes place in a single step characterized by the cathodic wave M, associated 

with the reoxidation peak M’. And it is close to the cathodic limit(C/C’), which 

corresponds to the deposition of Ca or Ca-Na alloy. Unexpected peaks X and X’ may 

be caused by the trace amount of impurities in the salt bath.  
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Figure 2.33. Voltammograms obtained for CaCl2(%8mol)-NaCl-KCl melt at 827
o
C on 

a glassy carbon electrode(A≈0.54cm
2
). (a)0.05 mol L

-1
 MgCl2; (b)0.05mol L

-1
 

MgCl2+ 0.05 mol L
-1

 MnCl2. 

 

The CVs with addition of 0.05mol L
-1

 MnCl2 in the melt containing 0.05mol L
-1

 

MgCl2 are shown in Fig. 2.33(b). The reduction of Mn(II) is also a single step process 

as indicated by the couple of waves(N/N’), characteristic of a typical 

soluble-insoluble shape. Further, unknown peaks X and X’ are not observed.  

     Eq.(2.5) was employed to calculate the diffusion coefficients of Mg(II) and 

Mn(II) in the salt melt. The results are tabulated in Table 2.5. The values obtained are 

in the same order as those obtained by other publications, such as the studies of Mg(II) 

behavior in LiCl-KCl melt[43]. 

2.6.5  Electrodeposition of Chromium 

From the CVs for the different metal ions in CaCl2-NaCl-KCl salt melt, the 

starting deposition potentials of the corresponding metal can be determined, as shown 

in Table 2.6, along with the theoretical decomposition voltage of those metal chlorides 

calculated from the equation (Ed= -△G/nF) in section 2.4 and 2.5. From this table, 

one can see that deposition potentials of Fe(III) and Cr(III) remains lower than Mg(II) 

and Mn(II), and still in the order, CuCl2<FeCl3<CrCl3<MnCl2<MgCl2. It is to be 

noted that the deposition potentials vs Cl
-
/Cl2 for Fe(III) and Cu(II) become much 

larger than their theoretical decomposition voltages.  

Based on the CV results, chromium deposition was performed in 

NaCl-KCl-CaCl2 system with addition of CrCl2 and CrCl3 by using a two-electrode 
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cell at constant potential at 800
o
C. A typical XRD pattern of the cathode product are 

shown in Fig. 2.34(a). The product is found to consist of pure Cr metal without any 

other impurities. The SEM photographs of the chromium product is shown in 

Fig.2.34(b) and (c), representing mainly two different kinds of crystals, viz. 

dendrite-like and nodular-like ones. Nucleation study and other process parameters 

shall be investigated in the future to increase the yield of metal.  

 

Table 2.6 Comparison of the deposition potential of different metal ions at 827
o
C. 

Metal ions Salt bath vs Ag/AgCl/V vs Cl
-
/Cl2/V Ed/V 

Cr(III) to Cr(0) NaCl-KCl -0.7 -1.8 ~ -1.9 1.07 

Cr(II) to Cr(0) NaCl-KCl -0.6 -1.4 ~ -1.5 1.36 

Cu(II) to Cu(0) NaCl-KCl -0.7 -1.35 0.28 

Fe(III) to Fe(0) NaCl-KCl -0.45 -1.4 0.80 

Mg(II) to Mg(0) CaCl2-NaCl-KCl -1.3 -2.4 2.44 

Mn(II) to Mn(0) CaCl2-NaCl-KCl -0.85 -1.8 1.80 
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(b) 

 
(c) 

Figure 2.34. Deposited product obtained in electrolysis of Cr(II)/Cr(III) in 

NaCl-KCl-CaCl2 system. Temperature 800
o
C, Cell voltage 2.2V, salt composition: 

CrCl2-2.56g, CrCl3-3.36g, NaCl-17.6g, KCl-23.2g and CaCl2-8g. (a)XRD 

patterns;(b)(c) SEM photos.  

 

2.7  Extraction of Cu from Copper Sulfides-Supplement 7 

In Section 2.5, extraction of copper from copper ore by the salt extraction 

process has been carried out. However, in the past few years, FFC Cambridge 

process[35] for producing metal and alloy by direct electrochemical reduction of 

corresponding metal compound or mixtures has also attracted worldwide attention, 

because of its lower energy consumption and simple operation. Many efforts have 

been paid on the direct reduction of pure or mixed oxides[44]. However, very little 
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work has so far been carried out in the electrolytic reduction of sulfides. Li et al[45] 

had investigated the electrolysis of MoS2. Chen and Fray[46] have examined the 

removal of S in liquid copper. In this thesis, we demonstrated a potential by using this 

electro-reduction route towards copper extraction from sulfide material aiming at 

capturing sulfur in the elemental form. 

2.7.1  Thermodynamic Principles 

The electro-reduction principles can be found in a number of earlier 

publications[47-50], thus a brief outline is given here. The oxide or sulfide compact, 

wrapped by a metal gauze is used as a cathode in an electrolytic process using molten 

CaCl2/CaCl2-NaCl electrolyte in the temperature range 700
o
C-1000

o
C. Graphite is 

normally used as the anode. The oxide or sulfide gets reduced to the metallic state. 

During the above process with respect to oxide materials, the use of graphite 

anodes leads inevitably to the carbon getting oxidized, leading to the emission of CO 

and CO2. This, in turn, has negative environmental consequences. In addition, the 

consumption of graphite during the process has an adverse economic impact. On the 

other hand, use of inert materials would add a cost factor and has not been favored in 

industrial practice. In the present case, sulfur would be released at the anode leading 

to the reaction between elemental sulfur and carbon forming carbon sulfides. It is 

imperative that these reactions are carefully controlled, since CS2 is very harmful to 

fauna.  

In this respect, the following reactions are considered:  

C+S2=CS2,   ΔG
o 

(1073K) = - 18.23 kJ;         (2.8) 

C+0.5S2=CS, ΔG
o 

(1073K) = 118.59 kJ,             (2.9) 

The values of standard Gibbs free energy in this work were all calculated by 

Factsage Software[51,52], and the theoretical decomposition voltages of Cu2S, Cu2O 

and FeS shown in the following sections were estimated from their corresponding 

Gibbs energy values. 

It can be seen that the formation of CS is not thermodynamically favoured. On 

the other hand, CS2 formation is favourable, but Gibbs energy change for reaction (2.8) 

is only slightly negative as compared to the Gibbs energy changes accompanying the 

formation of CO2 and CO at the same temperature, viz. ΔG
o
(CO2, 1073K) = -396.09 

kJ and ΔG
o 

(CO, 1073K) = - 206.38kJ, respectively. Theoretically, the main anode 

product should be elemental sulfur along with some CS2 provided the oxygen partial 

pressure prevailing is very low. This will be in the vapor form at the experimental 

temperatures and is likely to condense along the tube or can be collected in a 

condenser. It is to be noted that CS2 would be condensed in the liquid form ((b.p. 

46.5
o
C of CS2), leading to near-zero sulfur emission.  

2.7.2  Materials and Procedures 

The salts were treated by the procedure mentioned in section 2.3. Cu2S powder 
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(Alfa Aesar, 99.5%), was pressed into pellets with a diameter 16mm and weight of 

~3g at a pressure around 6Mpa, The pellets were sintered in Argon gas (ICP 5.0, AGA 

gas AB, Sweden) at 400
o
C for 2 hours. Similar procedure was used for mixed powder 

(1:2 mole ratio) of Cu2S and FeS (Alfa Aesar, tech.) to form the Cu2S/FeS pellet. A 

thin copper wire, ~0.2mm diameter, was used to wrap the pellet. All pellets were 

stored in a desiccator, before attaching to an iron rod, 5mm diameter, as the cathode.  

The entire reactor was heated by a programmed heating pattern (EUROTHERM 

temperature controller) under the protection of argon gas. First, the reactor was slowly 

heated to 300
o
C at a heating rate 2

o
C/min, held for 2 hours to further remove any 

moisture trace left in the system. The furnace was then heated at a rate of 6
o
C/min to 

the targeted temperature. The salts were kept at this temperature for 0.5~1 hour in 

order to ensure homogeneity of the molten state. The electrodes were then inserted 

into the salt bath. Since the theoretical decomposition voltages of Cu2O and FeS are 

0.469V and 0.467V, respectively, while the value for Cu2S is 0.529V. Thus, we chosen 

0.5V in order to electrolyze possible Cu2O and FeS without electrolyzing Cu2S. Of 

course, the pre-electrolysis parameters should be improved after more electrochemical 

measurements have been done. After it, the electrolysis process was carried out at a 

pre-determined cell voltage. The current change during electrolysis was recorded. 

After the electrolysis, the cathode was washed with distilled water and subjected 

to an ultrasonic treatment. For Cu2S/FeS pellet, ethanol was used for washing and 

subsequent ultrasonic treatment. The electrolysis pellet was then dried at 60~110
o
C 

quickly and stored in a desiccator. The electrolysis Cu2S/FeS pellets were subjected to 

analysis quickly to reduce possible oxidation of iron. The samples were analyzed by 

XRD and SEM/EDS techniques. 

2.7.3  Results and Discussion 

Fig. 2.35(a) shows the XRD patterns of reduced Cu2S pellet. It is seen that the 

XRD peaks show the presence of elemental Cu as well as CaS. It is also seen that the 

CaS content decreases with the increase of electrolysis time. The similarity in the 

XRD patterns for the electrolysis corresponding to 10, 12 and 20h indicates that pure 

copper could be obtained after 10~12h electrolysis at 2.2V-2.8V.  

During every experimental run, a yellow powder deposit could always be 

observed along the tube, gas path and in the condenser without any liquid condensate 

indicating that the formation of CS2 was insignificant. The yellowish powder in the 

condenser was confirmed to be elemental sulfur after filtration in distilled water (Fig. 

2.35(b)). Since sulfur can condense in the low temperature zone of the tube and gas 

channels, it is difficult to collect all the sulfur in the present laboratory investigations 

in order to quantify this conclusion.  
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Figure 2.35. X-ray diffraction patterns for electro-reduction of Cu2S pellets at 2.8V in 

molten CaCl2-NaCl at 800
o
C: (a) Cathode products under different electrolysis time, 

and (b) Anode product collected in the condenser after washing in distilled water. 

 

For the electrolysis of Cu2S, if S
2-

/S2 can be regarded as the reference potential, 

the electrode reactions of Cu2S at 1073K can be represented as: 

Anode: S
2-

-2e=1/2S2(g), E(S
2-

|S2)=0V                             (2.10) 

Cathode: Cu
+
+e=Cu, E(Cu

+
|Cu)=-0.529V         (2.11)                                
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Thus, when the electrolysis starts, sulfur in Cu2S cathode gets ionized and is 

transported to the anode, which may cause the precipitation of CaS. In the research 

about the reduction of Cr2O3, Chen et al.[53] proposed two possible mechanisms and 

concluded that the calcium chromites was more likely to be formed by a chemical 

precipitation step. Similarly, in case of Cu2S, the calcium sulfide precipitation can be 

represented as follows: 

Cu2S+2e=2Cu+S
2- 

(at the interface of electrolyte-metal-sulfide)         (2.12) 

S
2-

+Ca
2+

=CaS (in the electrolyte)                                 (2.13) 

This would explain the presence of CaS in the cathode product in the early stages 

of electrolysis.   

However, under a relative high voltage of 2.8V(namely, E(vsS
2-

|S2)=-2.8V), the 

decomposition of CaS, namely, deposition of calcium also can happen: 

At 1073K: Ca
2+

+2e=Ca, E(Ca
2+

|Ca)=-2.24V          (2.14)  

which, in turn would reduce Cu2S to Cu according to the reaction:  

 Ca+Cu2S=CaS+2Cu   ΔG
o
(1073K) = - 331.396kJ       (2.15) 

Reaction (2.15) would enable the re-formation of CaS. Thus, in this case, CaS 

can be considered to function as a catalyst in the cathodic reaction.  

If the CaS formed had a low solubility in the salt melt, it could be present in the 

form of Ca
2+

 and S
2-

. As electrolysis proceeds further, CaS will dissociate into Ca
2+

 

and S
2-

. The S
2-

 ions would be transported to the anode during the electrolysis and 

would be oxidized at the anode to form elemental sulfur according to the anodic 

reaction (2.10). During the present series of experiments, the graphite anode almost 

remained intact after every experimental run, confirming the negligible formation of 

the anodic product, CS2. 

EDS analysis of the different locations in a partially reduced pellet as shown in 

Fig. 2.36, indicates that the reduction pathway proceeds from outside of the pellet to 

the inside. Content of copper decreases towards the interior of the pellet, while Ca and 

S contents increase. It should be pointed out that the sample is very clean and the 

amount of salt, such as Na, Cl, was insignificant, even though the porous structure is 

probably to be filled with molten salts during electrolysis. It is admitted that the high 

solubility of CaCl2 and NaCl in distilled water may contribute to some extent. 

However, it also indicates that wetting could be poor between the reduced porous 

copper and salt melts. This phenomenon means that the separation of copper and 

molten salts is quite easy. 

Fig. 2.37 shows the SEM images of Cu2S pellets before and after electrolysis. 

Fig. 2.37(a) shows the surface image of sintered pellet before electrolysis. It is seen 

the surface of the sintered Cu2S pellet consists of particles with sizes varying in a 

wide range. After 20h electrolysis, the pellet presents a clear appearance of copper 

(inset of Fig. 2.37(b)). The particles are of ～10µm, and well sintered, showing a 

more complicated nodular structure. This can probably be attributed to the relatively 

low melting point of copper (1083
o
C) and long electrolysis time of 20h. It should be 

noted that Fig. 2.37(b) is taken from the inner section of the reduced pellet. This 

shows mainly the existence of nodular structure. Fig. 2.37(c) shows the structures 

corresponding to the outer part of the pellet. Here, it can be seen that, besides the 
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nodular structure, two other interesting structures, dendritic as well as needle crystals, 

can be found. Fig. 2.37(d) presents a clear view of the needle structure. The typical 

dendritic structure shown in Fig. 2.37(c) is more likely to be formed by 

electrodeposition from the salt, not from the reduction of Cu2S. 

 

Figure 2.36. Cross-section of the reduced Cu2S pellet after 6h electrolysis at 2.8V in 

molten CaCl2-NaCl at 800
o
C. 

 

 
Figure 2.37. Scanning electron microscopy of reduced Cu2S pellets: (a)The surface of 

pellet before electrolysis, (b) Cu powder after 20h electrolysis at 2.2V in molten 

CaCl2-NaCl, (c)Three structures found on the outside layer, and (d)The tube structure.  



Part II: Molten salts extraction process 

-70- 

In the present experiments, no special steps were taken to purify the salt mixtures 

such as purification by chlorine gas. Further, argon gas was used in the electrolysis 

experiments as supplied without taking extra precautions for the removal of traces of 

oxygen, moisture and carbon dioxide. This would mean that the following possible 

side reactions might occur: 

Cu2S+1.5O2=Cu2O+SO2,  ΔG
o
(1073K) = - 272.09kJ          (2.16) 

Cu2S+O2=2Cu+SO2,      ΔG
o 

(1073K)=- 181.55kJ       (2.17) 

2Cu+0.5O2=Cu2O,      ΔG
o
(1073K)=- 90.55kJ.           (2.18) 

Even assuming that the partial pressure of SO2 as 1 atm, the equilibrium oxygen 

pressures of the above reactions are around 1.5*10
-9

atm, which means the above 

equations are highly possible.  

Since CaCl2 is very sensitive to the moisture, HCl gas may be generated by the 

reaction: 

CaCl2(salt) + 2H2O (gas) = Ca(OH)2 (solid) + 2HCl (salt)         (2.19) 

The generated HCl can react with Cu2O according to the reaction: 

Cu2O+2HCl=2CuCl+H2O ΔG
o
(1073K)=-76.89KJ         (2.20) 

CuCl has a low decomposition voltage of Ed(1073K, CuCl)=0.939V, Cu can be 

deposited to form the dendritic crystals on the surface. Another possibility is that Cu2S 

may dissolve in the salt melt to form Cu
+
 and S

2-
, and then Cu

+
 gets deposited on the 

surface. This would explain the observation in Fig. 2.37(c).  

In the present work, an attempt was also made to explain the formation of the 

needle-like structure close to the surface as shown in Figs. 2.37(c) and 2.37(d). For 

the needle structure, further investigations show that these are actually tubes in 

micrometer size, the formation of which can also be attributed to the electrochemical 

deposition. It is known from earlier work[54-56] that Cu nanotube can be synthesized 

by the direct electrochemical deposition on a porous membrane with very careful 

treatment to obtain the ideal orientation. Nanotubes without very good orientation 

even can grow from a copper coil without any template and additives[57]. Under the 

present experimental conditions, the number of pores on the outer layer of the pellet is 

significant as can be seen in Fig. 2.37(a). With the removal of sulfur during the 

electrolysis, the porosity would increase. The likelihood of copper getting deposited 

along the pores to form a tube would be high, in analogy with a porous membrane. 

Consequently, micrometer size pores close to the surface of the pellet would lead to 

the formation of the tube structure in the micrometer size (Fig. 2.37(d)). However, 

preliminary experiments suggest that these two structures, which are confined to the 

outer layer can, to a smaller extent, be controlled by a stringent control of the 

chemistry of the salt mixture and the purity of the gas atmosphere as further sulfur 

depletion from the surface can occur leading to higher porosity.  

The current efficiency and energy consumption can be estimated from the 

current-time plots during electrolysis in combination with corresponding sulfur 

contents in the electrolysis products by chemical analysis. In the case of pure Cu2S, 

shown in Fig. 2.38(a), the current shows a sudden drop within the first 20 min. After a 

short delay, the decrease in current continues and reaches a steady value after 1-2 h. 

lasting until the termination of electrolysis. The current efficiency estimated from Fig. 
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2.38(a) is 32.8%, corresponding to 3.60kwh/kg Cu. However, the current efficiency is 

not very high and actually it is also a major obstacle in reduction of many oxides. The 

current efficiency depends on a number of factors such as pellet thickness and 

porosity, etc. Under similar conditions, thicker and denser pellets showed a lower 

current efficiency. Strict control of electrolysis procedures and conditions are also 

important. More importantly, since reduction of Ca
2+

 to a low valence state, e.g. Ca(0) 

and Ca(I) is highly likely to occur, this will not only lower the current efficiency as a 

side-reaction, but also increase the electronic conductivity of the molten salt, which 

can bring about a relative high background current[47]. Further, the removal of the 

last amount of S
2-

 is a slow process in comparison with the reduction of Cu2S phase. 

Thus, current efficiency is significantly influenced by the background current. When 

electrolyzed at 2.8V, the current efficiency is estimated to be 74.08% for 2h 

electrolysis, 46.61% for 4h and 16.56% for 20h. Probably, in order to improve the 

current efficiency, the low porosity (～28%)in the present experiment can be 

increased by employing a lower pressure (below 6Mpa) in pressing the pellets or 

having additives, which would evaporate leaving cavities. However, great effort is 

still necessary to reduce or eliminate the background current. 

Attempts were also made in the present investigation to study the 

electro-reduction of chalcopyrite. But the chalcopyrite pellet started disintegrating 

during the process, leading inevitably to material loss into the bulk electrolyte. 

Preliminary experiments with chalcopyrite show that prior heating of CuFeS2 in argon 

was essential, during which part of sulfur may be lost. The matte remaining could 

then be pressed to form the porous pellet and subjected to electro-reduction. A 

selective leaching step by hydrometallurgy in order to separate Cu and Fe is being 

currently developed and the results are expected to be reported shortly. In the present 

work, Cu2S and FeS mixed powder(1:2 mole ratio) was employed to avoid this 

problem. A similar change of current was observed in the case of compacts of a 

mixture of Cu2S and FeS pellets as can be seen in Fig. 2.38(b). The current efficiency 

for the electro-reduction of Cu2S/FeS compacts was estimated from Fig. .2.38(b) to be 

23.76%, with an energy consumption of 6.23kwh/kg(CuFe).   
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Figure 2.38. Typical current-time plots for pellet reduction in molten CaCl2-NaCl at 

800
o
C. Pellets are sintered at 400

o
C in argon: (a) Cu2S pellet, and (b) Cu2S/FeS pellet 

 

XRD patterns of the reduced Cu2S/FeS pellets are presented in Fig. 2.39(a). One 

can see that iron is reduced first, probably due to a lower decomposition voltage of 

Ed(1073K, FeS)=0.467V. Even in this case, CaS was found in the XRD patterns 

indicating the formation of the same as an intermediate product. The amount of CaS 
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was found to be decreasing with the increase of electrolysis time and after 20h 

electrolysis, it was totally absent. The product consisted only of copper and iron. EDS 

analysis shows that the electrolysis product, in fact, was a two-phase mixture of 

copper and iron, which would be in accordance with Cu-Fe phase diagram. Fig.2.39(b) 

shows a Cu-rich particle surrounded by the CaS particles in a partially reduced pellet.  
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Figure 2.39.Treatment of Cu2S/FeS: (a) XRD patterns of reduced Cu2S/FeS pellet at 

2.8V in molten CaCl2-NaCl at 800
o
C, and (b) SEM image of a Cu-rich particle in a 

partially reduced Cu2S/FeS pellet. 
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2.8  Conclusions and Future Work 

In this part of work, a salt extraction process was developed towards the recovery 

of metal values from secondary sources and waste products.. The process consists of a 

salt extraction step and an electrolytic deposition step.  

Firstly, the process was applied to the recovery of Cr, Fe from EAF slags and 

chromite ore. The dissolution properties of these raw materials were examined and the 

optimized process parameters were (a) temperature of 950
o
C, (b) flux/slag at 1.5 or 2, 

(c) holding time of 8h and (d) flux content of 30%. Several electrolysis tests were 

performed with the salt extracts of chromium containing EAF slags as well as 

chromite ore carried out under optimized conditions. The SEM/EDS and XRD results 

show that the cathode deposit is Fe-Cr-rich product.  

Secondly, the process was developed for the extraction of copper/iron from both 

copper oxide and sulfides. The dissolution properties of the copper oxide/sulfides are 

investigated by ICP-AES method and XRD techniques. The largest extraction ratio is 

found at 92% in dissolution of Cu2S. The residue left after the salt extraction was 

found to be mainly Al2O3, recovered as a by-product. Part of sulfur and iron chloride 

were found to be deposited in the low temperature zone of the reactor and could be 

recovered. The electrodeposition of the metals was carried out under a cell voltage 

between 1.6V and 2.2V. The cathode products were found to be Cu during electrolysis 

of CuO/Cu2S, and Cu/Fe mixture in the case of CuFeS2 by XRD and SEM/EDS 

analysis. The highest yield of copper in the electrolysis step was estimated to be 

52.3% during an electrolysis of Cu2S.  

Furthermore, the electrochemical behavior of the metal ions(Cr, Cu, Fe, Mg, Mn) 

involved in the above two parts, was studied by using cyclic voltammetry at 827
o
C in 

(CaCl2-)NaCl-KCl system with a tungsten or glassy carbon electrode. The deposition 

process of Cr(III) species consists of two electrochemical steps, Cr(III)/Cr(II) and 

Cr(II)/Cr(0) exchanges. Other complexes, including Cr(II), Fe(III), Cu(II), Mg(II) and 

Mn(II) are all can be deposited through one single electrochemical step. All the 

electrochemical processes related to these metal ions can be regarded as reversible 

processes, and were proved to be controlled by diffusion as deduced from the linear 

relationship between the cathodic peak potential and the square root of the sweep rate. 

The diffusion coefficients of those species were determined in the present study. The 

deposition potentials were determined from the CVs and are found to follow the order: 

CuCl2<FeCl3<CrCl3<MnCl2<MgCl2. Eletrodeposition of chromium was performed 

by using a two-electrode cell under constant voltage, and pure dendrite and 

nodular-like crystals of chromium was obtained.  

The lab-scale results are promising, however, the performance of this process is 

hopeful to be improved in industrial-scale trials because of the enlarged electrode 

system. Future work should be paid on the efficient combination of the dissolution 

and electrolysis steps to a continuous process, and extend it in industrial scale. Further 

work is also necessary to define the optimum oxygen partial pressure in the gas phase 

for the recovery of sulfur in treatment of copper ore by this process. 
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As an addition, FFC Cambridge process is also employed for copper extraction 

from copper sulfides in molten CaCl2-NaCl melt. The sintered solid porous Cu2S or 

Cu2S/FeS pellets can be electrolyzed to elemental Cu, S and Cu, Fe, S under a cell 

voltage 2.2V-2.8V at 800
o
C by the evidence of XRD patterns. CaS can be formed as 

the intermediate product in the early stage of electrolysis. SEM/EDS results prove that 

the reduction proceeds from outside to inside of the pellets. The current efficiency 

estimated for Cu2S pellets is 32.8%, corresponding to 3.60kwh/kg Cu; and 23.76%, 

with an energy consumption of 6.23kwh/kg(CuFe) for reduction of Cu2S/FeS 

compacts. The results obtained so far show a promising green process route for 

treatment of copper ore by the electro-reduction method. However, further work is 

needs to be carried out in order to understand the reduction mechanism of pellet, 

formation of the dendritic- and needle-structure, collection of anode sulfur, 

optimization of process parameters such as cell voltage, sintering temperature and 

pellet porosity to improve the current efficiency, etc.  
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