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Abstract 

The removal of selenium from copper sulphate solution prior to the electrowinning of 

copper is desirable in order to minimise contamination of the copper cathodes by 

selenium and other impurities. The selenium removal is effected by a precipitation 

process that takes place under high supersaturation conditions which favour nucleation 

over any other particle formation processes. There is currently no fundamental 

information on the nucleation kinetics of this important process. Furthermore, the 

fundamental chemistry and mechanisms involved in this process are not fully understood. 

In this study, the nucleation kinetics, the process chemistry and mechanisms of selenium 

precipitation from acidic copper sulphate solution were investigated. 

Nucleation kinetic experiments were carried out by varying the levels of supersaturation 

from 8.66x10 15 to 4.33x10 17 at a temperature of 95°C under atmospheric pressure. The 

nucleation rates for four different levels of supersaturation, the nucleation work and the 

nucleus size were determined. The kinetic constant A was found to be 3.92x1027 m-3s-1 

and this shows that the nucleation process takes place through a homogeneous 

mechanism. The associated thermodynamic parameter (B) was determined to be 

8.98x10°4. 

Thermodynamic analysis showed that selenium exists as hydrogen selenate (HSeO4-) and 

hydrogen selenite (HSeO3-) in the acidic copper sulphate solution. The reduction 

reactions of these ions using sodium sulphite were predicted to go to completion, 

precipitating selenium as copper selenide (Cu2Se) at an operating temperature range of 

85°C to 100°C. Kinetic studies of selenium reduction revealed that the reduction of 

selenium (+4) ions is very fast (99.9% conversion achieved in less than 60 seconds). 

However, the reduction of selenium (+6) is very slow (only 45.7 % conversion achieved 

in 72 hours). During the reduction of selenium(+6), a brick red precipitate, which is a 

mixture of element copper and Chevreul's salt (Cu2SO3.CuSO3.2H2O) is also be formed. 

A theoretical study was carried out to explain the differences in the reactivity of these 

selenium species. The results revealed that selenate has zero dipole moments and has a 

rigid molecular structure which makes it 'unreactive'. Activation energy calculations also 

showed that selenate has a higher transition state barrier ( 4.354 kcal/mol) as compared to 
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the selenite (3.054 kcal/mol). However, acidifying the solution resulted in a protonated 

selenate ion which significantly altered the molecular structure of the selenate ion. The 

results also showed that the interaction between protonated selenate and sulphite ions has 

a lower transition state barrier (3.914 kcal/mol) than for the free selenate system. 
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1.0 INTRODUCTION 

1.1 Project background 

Most copper ores contain selenium which also dissolves into the copper sulphate solution 

during pressure or atmospheric leaching of copper. In order to prepare the copper 

sulphate solution for the electrowinning of copper, selenium must be removed. Figure 1 

shows a typical flowsheet of an electrolytic copper refinery plant with a selenium 

removal stage prior the electrowinning stage. 

Matte Grinding 

Atmospheric Leach Nickel Electrowinning 

Pressure Leach 

PGM Filtration PGM Concentrate 

Selenium Removal 

Copper Electrowinning -----+ I Copper cathodes I 

Spent Electrolyte 

Figure 1 - Flow sheet of a typical electrolytic refinery of copper circuit 

If selenium is not removed from the copper sulphate solution, it will co-deposit with 

copper on the cathode, thereby contaminating the copper product. Selenium has adverse 

effects on the electrical conductivity of copper and as a result contaminated copper 

products sell at a lower price on the metal exchange market. Therefore it is desirable to 

remove all the selenium from the solution before the electrowinning stage in order to get 

the highest premium for a quality copper product. 

Selenium removal is carried out by using reductants such as sodium sulphite to 

precipitate out selenium as copper selenide. The reduction process is typically carried out 

in a pipe reactor with the subsequent aging process being done in tanks as shown in 

Figure 2. 
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Pressure or 
atmospheric leach 

discharge 

Heat 
Exchanger 

Sodium sulphite 

+ 
Filter press 

Filtrate to copper 
electrowinning 

Residue copper 
selenide 

Figure 2 - A typical selenium removal circuit 

The overall reaction for the precipitation reaction is given by equation 1. 

Copper selenide (Cu2Se) is then filtered, and the clarified solution goes for copper 

electrowinning. The reduction reaction can be slow, mostly dependent on the amount of 

selenate ions present which are unreactive. Due to the notoriously slow reaction, the 

tubular reactors are usually long and include aging tanks. In many cases selenium is not 

completely removed from the electrowinning solution because the provided residence 

time is small. As a result the copper product is contaminated with selenium and results in 

an amorphous product structure which further entrains other impurities like lead. 

Therefore the development of a faster continuous selenium precipitation process will 

significantly improve product quality, process efficiency and plant throughput. 

However, the underlying particle kinetic processes and mechanisms of this process are 

not fully understood. Because of a lack of fundamental understanding of the process, 

there are no design guidelines and thus it is potentially inefficient and uneconomical. In 

order to improve the current process, it is necessary to understand the particle formation 

kinetics, mechanisms and the reasons behind the slow reactivity of the selenium species. 

1.2 Scope of work 

Based on the above background, a study into the chemistry at molecular level and particle 

kinetic processes of selenium precipitation will be a significant contribution in the 

endeavour to develop a faster continuous process. The process of selenium precipitation 

from copper sulphate solution by sulphur based reductants was studied by Clark and 

Rickard (1975), Hofirek (1981), Nikolic and Laferty (1981) and Weir et al. (1982). These 
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studies focussed on the applicability of the process on an industrial scale. However, 

research on the fundamental particle formation processes, nucleation rates and 

mechanisms of the process has not been done. Therefore the main focus of this work is to 

determine nucleation kinetics and particle formation mechanisms of the process using the 

Classical Nucleation Theory (CNT). 

Greater knowledge of particle formation kinetics can significantly improve the control of 

precipitation processes. These particle formation processes include nucleation, growth 

and secondary processes such as aggregation, breakage and Ostwald ripening. Nucleation 

kinetics play a significant role in precipitation since they are responsible for the final 

properties of the precipitant such as crystal size distribution and morphology. Nucleation 

can proceed according to two mechanisms, namely homogenous or heterogeneous. A 

nucleation kinetic study can yield nucleation rates, nucleation work, the nucleus size and 

the thermodynamic parameters that will distinguish whether nucleation takes place 

through homogeneous or heterogeneous mechanisms. Knowledge of these parameters is 

used to determine whether the process can be seeded to speed up precipitation. 

In order to understand the underlying chemical kinetics, further studies were carried out 

prior the determination of the nucleation rate, to determine the reaction time for the 

selenate and selenite species. Molecular modeling was also carried out to explain the 

reasons for the difference in the reactivity of the different selenium species. 

3 
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2.0 THEORY AND LITERATURE REVIEW 

2.1 Precipitation 

Precipitation is an important separation and purification technique used in many chemical 

industries. It can be defined as the formation of a solid product from solution as a result 

of the addition of a reagent to a solution. Precipitation is also called reaction 

crystallization. It can be classified into hydrolysis, ionic, reduction and substitution 

precipitation. These precipitation processes are used to separate metals, either recovering 

the major metal or removing impurities from solutions (Habashi, 1993; Jackson, 1986). 

Precipitation occurs in thermodynamically unstable solutions in which the driving force 

for particle formation is the concentration of the reaction product in excess of its 

equilibrium value (Mullin, 1972). Hence the driving force for precipitation, also known 

as supersaturation, is given by the change in chemical potential between prevailing and 

equilibrium states. The degree of supersaturation plays a major role in the determination 

of the kinetics of the precipitation process. The role of supersaturation in precipitation 

processes can be summarized by Figure 3. It is clear that supersaturation is central to the 

whole outcome of precipitation. Nucleation, aging and growth kinetics influence the 

precipitate size distribution. The rate at which particles grow further determines the 

purity of the product. Transformations between various polymorphs are controlled by the 

transformation kinetics and the position of the system in the appropriate phase diagram 

also depends on the supersaturation level (Sohnel and Garside, 1992). 

4 
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Size distribution 

/ 1 ~ /OOty 

Nucleation Aging kinetics G_rowth 
kinetics + kmet1cs 

' / \ 
I/ \ 

/ 1 
Transformation 

Supersaturation Scaling surfaces ◄-------

kinetics 

; / . / 
Formh~;::i:orph/ -----~Phase equlibria 

Figure 3 - The role of supersaturation in precipitation processes (Sohnel and 
Garside, 1992) 

Supersaturation can be represented by equation 2 (Mohan and Myerson, 2002). 

[2] 

Where µ is the solution chemical potential, µe is the solution chemical potential at 

equilibrium, a is the activity coefficient, T is the temperature, a* is the equilibrium 

activity coefficient and R is the universal gas constant. The particle formation processes 

occurring in precipitation are nucleation, crystal growth, disruption, aggregation and 

other secondary changes. An illustration of the various precipitation mechanisms with 

respect to time is illustrated in Figure 4 below. 

5 
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Kinetic 
Process 

Agglomeration 

Growth 

Nucleation 11 Disruption Secondary changes 

Time 

Figure 4 - The range of time scale of precipitation mechanisms (Lewis and Kramer, 

2008) 

2.1.1 Nucleation 

When the concentration is increased under constant operating conditions, supersaturation 

increases as well. The increase of supersaturation is associated with an increasing 

tendency for solute ions to group. There is a point where the supersaturation becomes 

high enough for these groups of ions to grow into new stable solid particles. This process 

is called nucleation. Nucleation is thus the formation of the solid phase from nuclei which 

subsequently grows to produce tangible crystals (Jones, 2002; Mullin, 1972). 

During precipitation, the chemical reaction results in the formation of single molecules of 

the precipitant, called monomers. As stated by Kashchiev (2003), nucleation occurs by 

the Szilard mechanism of successive attachments and detachments of single molecules 

(monomers) to and from the clusters of various size n = 1, 2, 3 .... This formation of 

clusters can be represented schematically as follows: 

[1] ~ [2] ~ [3] ~ ... ~ [n -1] ~ [n] ~ [n + 1] ~ ... 

Where, [n] denotes a cluster of n molecules. Nucleation is therefore governed by the 

frequencies of monomer attachment and detachment from an n sized cluster (Kashchiev, 

2003). Nucleation is successful when the cluster size exceeds a certain size (n*) called 

the critical nuclei (which differs for different compounds). Clusters that are greater than 

n* are called super-nuclei and these are the particles seen in solution. The degree of 

supersaturation is the critical parameter controlling the rate of nucleation. The size of the 

6 
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critical nucleus or cluster decreases with increasing supersaturation. Thus, the probability 

of the cluster surviving to form a stable crystal is higher. 

Nucleation can be divided into two distinct groups, namely, primary nucleation and 

secondary nucleation with primary nucleation occurring through homogeneous or 

heterogeneous mechanism (Figure 5). 

--------r Homogeneous nucleation 
Primary nucleation 

/~ ·----,._ Heterogeneous nucleation 

Nucleation 

Secondary nucleation 

Figure 5 - Mechanisms of nucleation (Sohnel and Garside, 1992) 

Figure 6 illustrates the relationship between supersaturation and the mentioned 

mechanisms of nucleation. The numbers denote the levels of supersaturation, with 1 

being undersaturated region, 2 is low supersaturated region, 3 is high supersaturation 

region, 4 is very high saturation region and 5 is the ultra supersaturated region. Secondary 

nucleation is dominant in region 2 while primary nucleation is dominant in regions 3, 4 

and 5. 

Species B 
Cone. 

.c 
Species A Concentration 

I: U ndersaturated 

2: Secondary nucleation 

3: Heterogeneous nucleation 

4: Homogeneous nucleation 

5: Colloid formation 

Figure 6 - Effect of supersaturation on nucleation (Nielsen, 1979) 

Primary nucleation is reserved for all systems that do not contain product crystalline 

matter. It usually occurs at very high levels of supersaturation (regions 3, 4 and 5 in 

Figure 6). Primary nucleation can be further subdivided into homogeneous and 

heterogeneous nucleation. Homogeneous nucleation takes place under very high degrees 

7 
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of supersaturation (region 4 in Figure 6). Very high supersaturation gives rise to ordered 

micro regions or clusters of molecules (Nielsen, 1979). 

Heterogeneous nucleation takes place on foreign bodies. In industrial setup, it is rare to 

have conditions that favor purely homogeneous nucleation due to the presence of foreign 

surfaces like dust particles, solid impurities and crystallizer walls. Therefore, 

heterogeneous nucleation also plays a large part in primary nucleation in industrial 

practice. Heterogeneous nucleation takes place at lower supersaturation than homogenous 

nucleation (region 2 on Figure 6). The width of the metastable zone is smaller. 

Secondary nucleation arises from the presence of crystals in the saturated solution. These 

crystals are called secondary nuclei. Secondary nuclei originate from the seed crystal 

(seeding) or from the boundary layer near the growing crystal. The presence of seeds in 

the solution catalyses the nucleation process by reducing the metastable zone hence 

nucleation takes place at a lower supersaturation (Myerson, 2002). 

The seeds used can be either that of the mother crystals or foreign body crystals e.g. sand 

particles. Secondary nuclei can also originate from breakage or attrition of product 

crystals, hence at high stirring speeds this phenomenon is observed to be high. Another 

way to promote secondary nucleation is to recycle part of the mother liquor that contains 

crystals. These crystals will then act as secondary nucleation sites (Mersmann, 2001 ). 

In order for nucleation to successfully take place, nucleation work needs to be overcome. 

Nucleation work is basically the energy barrier to the nucleation event. Liu (2001) 

defined nucleation as a process of the creation of critical size of nuclei, which results 

from surpassing the nucleation barrier (nucleation work), in terms of the fluctuation and 

growth of embryos. As stated earlier, nucleation is successful when the cluster size n is 

greater than the size of the critical nuclei (denoted by n*). If n = n*, the system is in a 

metastable state. The assembling of these monomers into clusters involves a gain in work 

(Wn) (Kashchiev, 2000) given by: 

[3] 

However, Wn should contain a term accounting for the presence of an interface between 

the cluster and the ambient solution; hence equation 3 is modified to: 

8 
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[4] 

Where, 'JI is equal to the cluster total surface energy. Wn is maximum when the cluster is 

in its metastable state, that is, if n = n * (Kashchiev, 2000). At low supersaturations, the 

nucleation barrier is very high while at higher supersaturations, the exponential term 

associated with the nucleation barrier becomes less important (Liu, 2001 ). 

The nucleation work is less for heterogeneous and secondary nucleation than for 

homogeneous nucleation (Liu, 2001; Kashchiev, 2000). This is because foreign bodies or 

seeds of the parent precipitant lower the interface energy (Richardson, 1994; Liu, 2001 ). 

Figure 7 shows the relationship between nucleation work and homogenous and 

heterogeneous nucleation. 

Nucleation Growth 

.... ······· .. r 
----

Embryo \ .... ,... 

~ Whomo 

Nucleus 1 

0 
..__-Whet~ " 

Foreign body 

I • 

n n 

Crystal 

Figure 7 - Illustration of the relationship between homogenous nucleation barrier 

( Whomo) and the effect of seeds or foreign bodies on this barrier (Liu, 2001 ). 

Liu (2001) stated that the kinetics of nucleation are not only determined by overcoming 

the nucleation barrier but also by the transport and kink integration at the surface of the 

embryo or growing cluster. Therefore, the addition of seeds will not only lower the 

nucleation barrier but also affect the transport of growth units to the surface of the 

growing clusters. However, this phenomenon is assumed to be negligible in the classical 

nucleation theories. 
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2.1.2 Classical nucleation theory 

Kashchiev (2000) defined nucleation as the process of random generation of 

nanoscopically small formations of the new phase that have the ability for irreversible 

overgrowth to stable microscopic sizes. However, the clusters that are formed evolve and 

have a certain life span which depends on various aspects like the level of supersaturation 

and the size of the cluster itself (Kashchiev, 2000). The central problem in nucleation is 

the determination of the nucleation rate. The nucleation rate J, which has volume based 

units ofm-3s-1, is the frequency of the appearance at time t (in seconds) ofa stable cluster 

(super nuclei) per unit volume (Kashchiev, 2000). 

J = dC 0 (t) 
dt 

[5] 

Where, Cn(t) is the concentration of nuclei in the system. The nucleation rate can be 

derived for three states, namely, the equilibrium, the stationary and the non stationary 

ones. For the equilibrium state, J =0 while for the stationary state J = constant and for 

the non-stationery state J changes with time. For the study of the nucleation kinetics of 

selenium precipitation, the stationary state is considered because the change in 

supersaturation is small over the residence time under consideration due to the small 

change in concentration of selenium ( <2%) and the small solubility product (10-57•7) of 

copper selenide). 

Nucleation can take place through a homogeneous mechanism or a heterogeneous 

mechanism. It is important to be able to distinguish between these mechanisms for the 

purpose of understanding the precipitation process and this can be done by evaluation of 

the stationary nucleation rate. The stationary state requires a constant operating 

temperature and supersaturation. For supersaturation S where (82:1), the stationary 

nucleation rate J is given by equation 6. 

J = ASexp[- ~ ] 
In S 

[6] 

Where, A is a kinetic quantity that determines whether the nucleation mechanism is 

homogenous or heterogeneous. In most cases A = 1013 to 1041 m-3s-1. A is practically 
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independent of the supersaturation (Kashchiev and van Rosmalen, 2003). The smaller 

values of this constant are indicative for the presence of foreign particles in the system 

(heterogeneous nucleation) while the higher values are indicative for homogenous 

nucleation. Determination of this kinetic factor in the selenium precipitation process is 

therefore important in order to determine ways to control and optimize the process. B is a 

thermodynamic parameter that is related to the nucleation work ( W) according to 

equation 7 and the nucleus size (n •) according to the Gibbs-Thompson equation ( equation 

8). 

[7] 

[8] 

Where k is the Boltzmann constant and Tis the absolute temperature. The above relations 

are linked to supersaturation by the supersaturation ratio S. According to Sohnel and 

Garside (1992), the supersaturation ratio (S) of an electrolyte that dissociates in solution 

to give v + cations and v- anions is defined as: 

[9] 

Where v = v + + v- , m+ and m_ are the concentrations of the cations and the anions 

respectively. The denominator to equation 9 is the solubility product of the solute (Ksp)­

Equation 9 is simplified to equation 10. 

[ 

Y+ v-]X S = m+ m_ 
K.,p 

[1 O] 

Because copper selenide dissociates according to equation 11 and its solubility product 

(Ksp) is 10-57•7 (OLI Stream Analyser Inc., 2004), the supersaturation ratio for the 

selenium precipitation process was therefore calculated according to equation 12. 

[ 11] 

11 
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s = [[cu+ ]2 [se 2
- JJ½ 

I o-s11 
[12] 

Experimentally, the nucleation rate is not a directly measurable quantity. However it can 

be calculated by observing the change in concentration ( equation 5) or change in number 

(Np) of the super nuclei ( observable particles) in the system. Np is a linearly increasing 

function of time (t) given by equation 13. 

[13] 

Where N0 is the super nuclei that are initially in the solution, v is the volume of the 

system, t is the residence time and J is the nucleation rate. If the solution used is initially 

filtered to remove any particles, then N0 is assumed to be negligible hence equation 13 

becomes; 

N =Jvt I 
[14] 

Therefore a plot of N/v versus time (t), for a specific value of supersaturation (S), should 

yield a straight line with slope equal to the nucleation rate (J). Apart from the degree of 

supersaturation, the rate at which new particles (super nuclei) are formed also depends on 

other aspects such as presence of foreign particles, line energy, strain energy, electric 

field, pressure of solution, concentration of pre-existing clusters and active centers. If 

foreign particles or clusters and active centers of the precipitate pre-exist, then the 

nucleation energy is reduced resulting in an increased particle formation rate (Kashchiev, 

2000; Kashchiev and van Rosmalen, 2003). The effect of presence of foreign particles, 

and the concentration of pre-existing clusters and active centers is determined through the 

calculation of the nucleation kinetic constant (A). An increase in line energy and pressure 

results in the increase of the nucleation rate (Kashchiev, 2000). However, in this study, 

the line and strain energy and pressure are maintained constant as per process conditions. 

It is therefore important to fully understand the nucleation kinetics as they can be used to 

control the process. The knowledge of the nucleation rate helps to get a deeper 

understanding of the precipitation system which includes the induction time, the nucleus 

radius and the nucleus work. 

12 
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2.1.3 Growth 

The "birth of a new crystal" (nucleation) is followed by a process that further increases 

the size of the new crystal. This process is called crystal growth. Crystal growth is an 

important aspect in controlling the final particle size distribution obtained in a process. 

Size enlargement of the crystals is achieved by the deposition of growth units, preferably 

in layers. 

Crystal growth is a diffusion and integration process, modified by the effect of the solid 

surfaces on which it occurs. Molecules or ions of the precipitant reach the growing faces 

of a crystal by diffusion through the liquid phase (Jones, 2002). Neither the diffusion step 

nor the interfacial step will proceed unless the solution is supersaturated. The rate of 

crystal growth can be expressed as the rate of displacement of a given crystal surface in 

the direction perpendicular to the surface. Mullin (1972) stated that different faces of a 

crystal grow at different rates under identical environmental conditions. In general, high 

index faces grow faster than the low ones. The overall crystal habit is determined by the 

slowest growing face (Mullin, 1972). 

2.1.4 Aggregation and disruption 

Aggregation is a process whereby very fine particles or crystals formed during 

precipitation are joined together by weak forces to form a larger particle. With time these 

particles will be firmly cemented by solid crystalline bridges. Most precipitation 

processes are agitated and this may lead to particle disruption thereby retarding 

aggregation and agglomeration. Aggregates are easily disrupted while agglomerates can 

only be disrupted and dispersed by crystal breakage attrition or erosion (Jones, 2002). 

For agglomeration to take place the particles in the solution have to be transported and 

they have to collide. This can happen through Brownian motion, shear forces, difference 

in inertial forces and relative particle settling. Interparticle collision may then result in 

permanent attachment if the particles are small enough for the Van der Waals' forces to 

exceed the gravitational forces (Mullin, 1972). 

13 
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2.1.5 Ostwald ripening 

A precipitate produced by nucleation in a metastable supersaturated solution is far from 

thermodynamic equilibrium, i.e. a state of minimal free energy. A decrease of free energy 

is accomplished by a coarsening of the precipitate which essentially reduces the surface 

free energy with respect to the surrounding solution (Qin-bo et al., 2005). This process is 

called Ostwald ripening. The formation of many small particles (nucleation) is kinetically 

favored. However large crystals are thermodynamically favored. This is because small 

particles have a larger surface area to volume ratio than large crystals. Hence large 

particles, with their greater volume to surface area ratio, represent a lower energy state. 

2.2 Reaction mechanisms 

One of the many reasons for carrying out molecular modeling studies of a system is to 

establish the reaction transition states. Establishment of the transition states creates an 

understanding which paves the way for deriving ways to manipulate the reaction in order 

to improve the process. This may include addition of catalysts, changing the temperature 

or addition of other reagents. At the moment the selenium reduction process has neither 

known catalysts nor reagents that could increase the reaction time. Previous studies (Weir 

et al., 1982) were carried out at a higher temperature but the reduction time remained 

large. Therefore in order to identify the possible catalysts and better reduction reagents 

for the process, it is important to first get a fundamental knowledge of the behavior of 

these transition states. 

Detailed analysis of how the chemical bonds break, intermolecular forces and how the 

ions interact to form transitional state compounds (complexes) is an aspect that must be 

considered during the study of reaction mechanisms. According to the transition state 

theory, many reactions proceed via a pre-equilibrium mechanism to produce transient 

intermediates known as "activated complexes". Polanyi et al. (1972) defined the 

transition state as the full family of configurations through which the reacting particles 

evolve en route from reactants to products. 

Transition state complexes have similarities to both the reactants and the products 

(Asperger, 2003). Transient intermediates are very unstable and react quickly to form 

new products. Because of the short life of the activated complexes, determination of their 

14 
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reaction rates is unrealistic. In most cases, the determination of the overall reaction 

constant is the logical way to gather any useful kinetic data. The mechanism of a reaction 

does not usually change with reaction conditions; it is a fundamental property of the 

reaction (Wojciechowski and Rice, 2003). 

During chemical reactions, energy changes take place. The total energy of reactants is the 

sum of their kinetic and potential energies. Collisions between molecules results in 

transference of energy (breaking of bonds increase potential energy while bond formation 

lowers the potential energy). As a reaction proceeds, kinetic energy is converted into 

potential energy through bond stretching and molecular distortion. As a result, the 

transition state is the species of maximum potential energy (Asperger, 2003). The change 

in total Gibbs' free energy (~G) at temperature T is calculated from equation 15 as 

follows; 

~G (I')= Ea+ ZPE + BH (I')-T*BS (I')+ Esal [15] 

Where Ea is the total electronic energy (internal energy), ZPE is the quantum effect zero­

point energy correction, BH (I') and BS (I') are the enthalpy and entropy changes of the 

system respectively. Esal is the solvation energy. The transition barrier or activation 

energy (AE) can be calculated using equation 16. 

AE = ~G (I'S) - ~G (R) [16] 

Where ~G (I'S) and ~G (R) are the total Gibbs free energies of transition state and 

reactant respectively. 

There is no definite way for working out a mechanism but the proposed pathway should 

be consistent with general chemical principles (the reaction intermediate must be 

chemically possible) (Mortimer et al., 2002). 

15 
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2.3 Selenium precipitation chemistry 

The chemistry of selenium resembles that of sulphur due to their proximity within group 

6 of the periodic table. Selenium is never found in its elemental state but it is rather 

associated with sulphide minerals (Tan, 2003). It has an atomic weight of 78.96 and an 

atomic number of 34. Due to its position in group 6 of the periodic table, selenium has 

characteristics of both metals and non-metals hence it has found many industrial 

applications as a semi-conductor. 

Selenium, like sulphur, has four different inorganic oxidation states: (i) zero valence state 

(element selenium), which is highly insoluble in water, (ii) -2 valence state (selenide), 

which is the most reduced form of selenium, (iii) +4 oxidation state (selenite) and (iv) +6 

oxidation state (selenate), which is the most oxidized form of selenium. The selenide ion 

is very unstable and is readily oxidized to element selenium in water (Maiers et al., 

1988). Selenites and selenates are the major contaminants of the copper leach solution 

due to their high level of solubility in water (Seby et al., 2001 ). Selenates are 

predominant at high redox potentials and not easily reduced because of their low 

adsorption and/or precipitation capacities (Elrashidi et al., 1987). 

Selenites on the other hand are easily reduced (Elrashidi et al., 1987). In the moderate 

redox range, selenite is the predominant species while selenide (Se2) is 

thermodynamically stable under strongly reducing environments and exists as metal 

selenides (Seby et al., 2001 ). 

2.3.1 Selenium precipitation processes 

There are many methods used to remove selenium from solutions depending on the 

industry in which this element is an impurity. The technologies for the removal of 

selenium can be classified into physical treatment, chemical treatment and biological 

reduction. The processes that fall under physical treatment are; coagulation, adsorption, 

ion exchange and membrane separation. Sorg and Logsdon (1978) deduced that selenium 

(+4) can be effectively reduced when ferric sulphate is used as the coagulant in pH range 

6-7. Adsorption of selenium ( +4) by ferrihydrite and alumina can also reduce the 

selenium concentration to accepted levels (Merril et al, 1987; Trussel et al., 1980). 

Efforts to investigate the removal using ion exchange were carried out by Maneval et al., 

16 
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(1985) and they deduced that Se (+4) can be removed more effectively than Se (+6) using 

a strong base anion exchange resin. However this process is hampered by ions such as 

sulphates which may load preferentially. Membrane separation can be viable but is only 

suited to treat drinking water instead of acidic mine solution (Twidwel et al., 1999). 

The removal of selenium through chemical treatment is common and has been studied 

extensively in waste water treatment. Murphy (1988) patented a process that could reduce 

Se (+4) and Se (+6) ions to element selenium by using ferrous hydroxide as the reducing 

agent at pH 9 (Zingaro et al., 1997). Se ( +6) can also be successfully removed if iron is 

used as a reductant, catalysed in the presence of copper to produce elemental selenium, 

iron selenide or hydrogen selenide (McGrew et al., 1996). Reduction using metallic 

copper, nickel or iron at high pressure is another suggested route for selenium removal 

(Sharmasarkar et al., 1996; Zingaro and Cooper, 1974). The use of a fluidised bed of 

elemental copper to precipitate selenium was proposed by Zingaro and Cooper (1974). 

The copper electrolyte is passed through a column in the upward direction through a bed 

of copper granules. Selenium is then precipitated out as copper selenide and can be 

removed by filtration. 

The use of bacteria has been extensively studied and shows great potential (Lupton and 

Sheridan, 2008). However, this process is extremely slow with residence times ranging 

from days to months. 

The disadvantage of most of the above mentioned methods is that they cannot reduce the 

selenium to the required levels of less than 1 ppm in the final copper cathode. Most of 

these methods may require that all the aqueous selenium be present in the Se (+4) 

oxidation state rather than Se ( +6) (Nikolic and Laferty, 1981 ). Reduction of selenium 

using sulphur bearing reductants (e.g. sodium sulphite and sulphur dioxide) is the most 

effective route. The reduction using sodium sulphite is preferred over sulphur dioxide 

because sodium sulphite is safer to handle in an industrial process. The reported extent of 

reduction is lower for selenate than for selenite (Maiers et al., 1988). Zingaro and Cooper 

(1974) also reported that selenate cannot be reduced by treatment with sulphur dioxide at 

atmospheric pressure except in the presence of a catalyst such as halide or thiourea. 

However, the use of such catalysts is not desirable in the electrowinning solution as it 
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results in an increase of chloride ions in the electrolyte. High chloride ion concentration 

is not desirable as it results in poor physical quality of the cathodes, low current 

efficiencies and high corrosion rate of plant equipment. 

2.3.2 Reduction using sodium sulphite 

Removal of selenium from copper sulphate solution using sulphur based reductants was 

studied by Clark and Rickard (197 5), Hofirek ( 1981 ), Nikolic and Laferty ( 1981) and 

Weir et al. (1982). The process being investigated in this study was suggested by Weir et 

al. (1982). In this process the acidic copper sulphate is heated to a temperature of 95°C 

and reacted with sodium sulphite in a tubular reactor at atmospheric pressure. Copper 

selenide is precipitated from the solution. However, the solution also contains dissolved 

cuprous ions which can cement out on cooling. To avoid this taking place, the 

temperature of the treated mixture is maintained at 95° C and air is passed into the 

solution to oxidize the dissolved cuprous ions to cupric ions (Cu2+). The solution is 

cooled and copper selenide is filtered out (Hofirek, 1981 ). 

2. 3. 2.1 Chemical reactions and reaction mechanism 

Elrashidi et al. (1987) reported that (HSeO3-) and (HSeO4-) were the most stable selenium 

species under acidic environments. Both these selenium species are soluble in copper 

sulphate solution as depicted by their low pK0 values in equations 17 and 18 respectively 

(Seby et al., 2001). 

H2Se03 + H20 = HSe03- + H30+ pKa = 2.57 

H2Se04 + H20 = HSe04- + H30+ pKa = -1.97 

[17] 

[18] 

The proposed reaction mechanism for selenium precipitation in the copper sulphate 

solution is depicted in Figure 8. The following reactions take place during selenium 

precipitation: (i) reduction of Cu2+ to Cu+ (ii) reduction of selenite and selenate to 

selenide (for selenate, the path follows the dotted line) and (iii) reaction of the cuprous 

ion with the selenide ion to form the precipitate (Cu2Se ). 
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Selenium precipitation 

Reduction of Cu2+ to Cu+ 

I Reduction ofS; (+6) to Se (+4) 1- --- Reduction of Se (+4) to Se (-2) 

~----,.i Reaction of Cu+ and Se (-2) to form Cu2Se) 

Figure 8 - Reaction mechanism for selenium precipitation 

2. 3. 2. 2 Reduction of cupric ion 

Addition of the highly reducing sodium sulphite results in reduction of the cupric ion 

(Cu2+) to the cuprous ion (Cu+) (equation 19). This reaction can take place at 

temperatures as low as ambient temperature (Hofirek, 1981 ). 

[19] 

However in aqueous solutions, the cuprous ion is unstable and has a tendency to 

disproportionate to form cupric ion and metallic copper according to reaction 20 

(Habashi, 1993 ). 

C + 2+ C u (aq) +--+ Cu (aq) + u! [20] 

This reaction is undesirable and will need to be controlled. Hofirek ( 1981) proposed that 

the cuprous ion can be stabilised by operating at a temperature between 140 ° C and 150 ° C. 

2. 3. 2. 3 Reduction of selenate and selenite 

The other reaction in selenium precipitation process involves the reduction of selenite and 

selenate to selenide ions. This involves two steps for selenate. The sequence of reduction 

from Se (+6) to the selenide ion is depicted in Figure 9. 
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I Se6+ 1 se•+ 

i Seo ! 
i ~ 

Stage bypassed 

i I Se2· 
► 

Figure 9 - Sequence of selenate reduction 

The reduction sequence skips the intermediate solid selenium element because selenium 

is not formed in the presence of cupric ions (Hofirek, 1981 ). The reduction of selenate 

takes place as shown by equation 21. 

[21] 

Reaction 23 has a standard potential of 1.008 V (Seby et al., 2001). Thermodynamic data 

suggests that this reaction is spontaneous and is especially so at low temperatures. 

However, this reaction is the slowest and therefore is the rate limiting step (Brimmer et 

al., 1987; Elrashidi et al., 1987; Hofirek, 1981 ). In contrast, the reduction of selenite to 

selenide is fast (Elrashidi et al., 1987; Fujita et al., 2005; Hofirek, 1981 ). Selenite 

reduction takes place according to equation 22. 

[22] 

Equations 21 and 22 show why there is need to keep an acidic environment in the reactor 

(a high proton concentration will shift the equilibrium to the right). 

2. 3. 2. 4 Copper selenide formation 

Hydrogen selenide (HSe-) produced m equation 22 is very stable under reducing 

conditions at a pH below 3 .8 (Linkson, 1992). However, in the presence of Cu+ ions, the 

selenide ion becomes very unstable and reacts to form a highly insoluble precipitate 

(copper selenide) according to reaction 23. 

The overall stoichiometric equation for selenium precipitation using sodium sulphate as 

the reductant is given by equation 24. 
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2.3.3 Copper reactions in the reduction process 

Copper reactions with both sulphite and selenide 10ns play a significant role in the 

precipitation of selenium. It is therefore important to understand the subsequent reactions 

that copper undergoes throughout the reduction process. According to Conklin and 

Hoffman (1988), copper forms complexes in the reaction mixture and these complexes 

undergo a series of redox reactions that result in an aqueous mixture of Cu+, Cu2+, so/­
and so/-. The sulphite ions reduce Cu2+ according to the following reaction in non 

acidic solutions (Conklin and Hoffmann, 1988). 

[25] 

It is important to note that the sulphite ions are responsible for the reduction of both 

selenate and selenite including Cu2+. The reduced copper species (Cu+) will then react 

with the reduced selenium species (Se2-) according to reaction 25. Since the copper 

sulphate solution is acidic, sodium sulphite dissociates to hydrogen sulphite ions (HSO3-) 

and equation 26 describes the equilibrium relationship in solution (Conklin and 

Hoffmann, 1988). 

[26] 

A yellowish brownish cupric 10n - sulphite complex is formed instantly on m1xmg 

according to equation 27 (Conklin and Hoffmann, 1988). 

[27] 

The cupric sulphite complex intermediate formed is very unstable and a rapid reduction 

of the cupric ion to cuprous ion (Cu+) takes place with the sulphite being oxidized to the 

sulphate ion according to equation 28 (Conklin and Hoffmann, 1988). 

[28] 

Where (C*) is a sulphite entity of the intermediate complex. In the presence of selenide 

10ns m solution, the synthesis of copper selenide 1s then initiated. 
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3.0 EXPERIMENT AL 

3.1 Thermodynamic simulation 

Before bench-scale experiments could be carried out it was important to predict the 

behaviour of the process under real world conditions. This includes predicting all 

chemical species involved in the reactions and the products of the reactions. This was 

carried out using predictive aqueous modelling tools, OLI Stream Analyser (OLI system 

Inc., 2004) and HSC Chemistry 5.11 (Outokumpu Research., 2002). The OLI 

thermodynamic framework is based on the combined work of Bromley, Zemaitis, 

Meissner, Pitzer, and OLI technologists (Rafal et al. 2001). The Eh-pH-module in HSC 

Chemistry 5.11 is based on Stability Calculations for Aqueous Systems (STABCAL), 

developed by H.H. Haung, 1989 (Outokumpu Research., 2002). 

The objective of carrying out a thermodynamic analysis of the process is to establish 

speciation in the copper sulphate solution at the operating conditions of 95° C and 1 

atmosphere. Thermodynamic data may be used (i) to predict the type of chemical species 

that are stable at the process operating conditions, (ii) to predict the compounds that will 

precipitate out when the reductant (sodium sulphite) is added into the acidic copper 

sulphate solution and (iii) to determine conditions likely to be favourable to the 

precipitation of selenium. 

3.2 Reaction time 

The objective of these experiments was to determine the reaction time for both selenite 

and selenate reduction. This information is important in confirming the rate determining 

step in the selenium reduction process. The experiments also investigated whether Se 4+ 

has any catalytic effect on Se6+ precipitation. 

3.2.1 Materials and chemicals 

Analytical grade chemicals were used for all the experiments. The chemicals included; 

sodium selenite (Na2SeO3), sodium selenate (Na2SeO4), sodium sulphite (Na2SO3), 

copper sulphate pentahydrate (CuSO4.5H2O) and concentrated sulphuric acid (98% 

H2SO4). 
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3.2.2 Experimental et-up 

The b nch- caJe e, p rim nts to lllV tigat the reacti ity of e(+4) and e( 6) were 

conducted in a t mp ratur -c ntroll d glass reactor (Figure IO . The glas reactor had 

ba:ffl and had an o erhead stirr r for agitation. Th reaction temp ratur was m nitored 

and controlled via a th rmocoupl c rmect d to a Gefran temp ratur c ntroll r that 

controlled the beating jacket. The experim nt re carri d out at 95° and at 

atmospheric pressure. A r flux conden r wa install d on th r actor to pre ent water 

lo through evaporation. ln order to avoid th hang in olum due to ampling having 

an effect on the e p rim ntal re ults, the total ampl volume wa kept below the 

allowable limit i.e. a quarter of th (in th e p riment it was k pt below 

15% of the reactor olum . 

Reactants 

Condenser --► 

Baffles ---11-► 1 

Agltator ----,-;-► 
◄ 

Temperature 
controller 

□ CJ 

-- Jacket (Heating 
element) 

Thermocouple 

Figure 10- chematic view of the batch reactor u ed during the e perimeot 

3.2.3 Experimental procedure 

Three outcomes er d sir d from the xp riments det rmination of the rate of 

selenium +4) precipitation (ii) determination f the rat of lenium (+6) precipitation 

and (iii) d t rmination of th rat of I nium pr ipitati n with a mix d alenc oJution 

(with e +4 and +6 in lution). 

yntheti opp r ulphat elution a pr par d t inrnlat lh pr c tr am and it 

had the follo ing sp cification : 0.31 SM copp r ulphate pentah drat 0.41 M ulphuric 
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acid and lO0mg/l selenium (+4) for the first experiment, l00mg/l selenium (+6) for the 

second experiments and 50mg/l of each for the third experiment. A synthetic solution of 

0. 762mol/l sodium sulphite was also prepared for use as a reductant on all the 

experiments. 

In each experiment, 400ml of the synthetic copper sulphate solution was filled in the 

glass reactor and heated to a temperature of 95°C. Twenty millilitres (20 ml) of sodium 

sulphite (preheated to 95°C) was added in the reactor to precipitate selenium. Samples (5 

ml) were drawn from the reactor at one minute intervals for the first experiment, 6 hour 

intervals for the second experiment and ten minute intervals for the third experiment. 

Each sample was diluted in 200 ml distilled water (temperature less than 5°C), to quench 

the reaction. The quenched sample was then filtered and the filtrate was analysed for 

selenium. The residues were also collected for analysis. 

3.2.4 Analysis 

Analysis of selenium was carried out usmg inductively coupled plasma mass 

spectroscopy (ICP-MS). The residues were also collected for X-ray diffraction (XRD) 

and scanning electron microscope (SEM) analysis. 

3.3 Significance of copper interactions with sulphite ions 

In previous experiments to determine the reaction time of the selenate and selenite ions, 

there were sudden colour changes immediately after addition of sodium sulphite into the 

reactor. It was therefore important to understand the copper redox reactions taking place 

including the transitional compounds formed. This information will not only help 

understand the process better but will also help significantly in further studies to come up 

with ways to speed up the reduction reaction. The objective of these experiments was 

therefore to investigate the complex redox reactions resulting from the interaction of 

copper ions and sulphite ions and to get an understanding on their effect on the overall 

process. 

3.3.1 Procedure 

Analytical grade reagents from Merck South Africa were used in the experiment. These 

are sodium sulphite, copper sulphate (pentahydrate), concentrated sulphuric acid. Triple 
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distilled water was used for the preparation of all the solutions. A temperature controlled 

water bath was used to maintain the temperature at 95°C. 

The following synthetic solutions were prepared: copper sulphate solution with the 

following specifications; 0.5M copper sulphate, 0.4M sulphuric acid and 0.5M sodium 

sulphite. 

Ten milliliters (10 ml) of both the copper sulphate solution and sodium sulphite were 

placed in different test tubes. The test tubes were placed in the water bath and left until 

the solution temperatures were steady at 95°C. The sodium sulphite in one test tube was 

then reacted with the copper sulphate in another test tube. Colour transformations were 

observed. The second experiment involved using excess sodium sulphite (15ml instead of 

10ml). Again colour transformations were observed. 

3.3.2 Analysis 

Samples of the mixtures were also taken for SEM and XRD analysis. 

3.4 Molecular modeling 

A molecular modeling approach was used to provide a fundamental understanding of the 

differences in the reactivity of the selenium species Seo/-, Seo/- and the protonated 

ions HSeO4- and HSeO3-. Such a method has been used with success to investigate 

reactivity and chemical reaction mechanisms of different species at a molecular level (Ma 

et al., 2008). The redox reactions to be investigated are the Seo/-- Seo/- and HSeO4-

- HSeO3- reduction steps. 

Geometry optimization of the reactants, intermediates and products was performed using 

B3L YP flavor of the density functional theory (DFT) in the commercial program Jaguar 

7.5 (Schrodinger, Inc., Portland, OR). The LACVP** basis set was used for all 

computations. All optimized geometries of the reactants and products were positively 

identified for local minima (the frequencies were verified to be real i.e. zero imaginary 

frequencies). The transition state geometries were characterized by the existence of a 

single imaginary frequency. 

Computation of vibrational frequencies was performed at all optimized geometries 

(reactants, transition states and products) to obtain zero point energies (ZPE) and the 
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relevant thermodynamic parameters (enthalpy, entropy and free energy). Solvation 

energy (Esot) was calculated by including solvation effects using the continuum-solvation 

technique with the Poisson-Boltzmann (PB) approach. The dielectric constant e = 80.37 

and a probe radius r = 1 .40A were used for the water as solvent. All calculations were 

performed assuming a temperature of 95°C and one atmosphere pressure. 

3.5 Nucleation kinetics 

The objective of these experiments were to determine nucleation kinetics of selenium 

(+4) precipitation from acidic copper sulphate using sodium sulphite as the reductant. 

3.5.1 Reagents 

All the chemicals used were analytical grade Merck Chemicals. These included sodium 

selenite (Na2SO3) in powder form, copper sulphate pentahydrate (CuSO4.5H2O) in solid 

form and concentrated sulphuric acid (98% H2SO4). 

3.5.2 Experimental set-up and procedure 

A synthetic solution of copper sulphate with the following specifications was prepared: 

0.315M CuSO4 and 0.41M H2SO4. The concentration of selenium in the copper sulphate 

solution was varied by dissolving sodium selenite to make up the required concentration 

(20ppm for the first experiment, 50ppm for the second, 1 00ppm for the third and 

lO00ppm for the last experiment). A 0.095M solution of sodium sulphite was also 

prepared. 

Figure 11 shows the schematic diagram of the experimental set-up. The experiments were 

carried out in a Y-mixer and tubular reactor configuration. The geometry of a Y-mixer 

promotes rapid mixing down to molecular scale, which is a requirement before nucleation 

starts (Roelands et al. 2005). The Y-mixer has been used successfully in previous studies 

(Mahajan and Kirwan, 1993; Roe lands et al. 2005; Blandin et al. 2001) and is suitable for 

such studies. 
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Temperature controlled 
Se( +4) feed tank 

Y-mixer 

Variable length tubular reactor 

Temperature controlled 
Na2SO3 feed tank 

Figure 11 - Layout principle of set-up for nucleation rate determination 

A Y-mixer with an angle of 160° between the reagents inlets was used. The internal 

diameter of the two inlets and the outlet to the Y-mixer were 3mm. A peristaltic pump 

was used to inject the two feed streams into the Y-mixer inlets. Equal flow rates (650 

cm3 /min) for both sodium sulphite and copper sulphate solution containing selenium was 

used. De-ionised water was used in all the experiments to reduce contamination of the 

solution by foreign particles. The feed solutions were heated to a temperature of 95°C 

under atmospheric pressure. 

The nucleation rate was determined for four different supersaturation ratios: 8.66xl015, 

2.17x1016, 4.32x1016 and 4.33x1017. These supersaturation levels corresponded to 

selenium concentrations of 20ppm, 50ppm, lOOppm and lOOOppm respectively. For each 

value of supersaturation, the number of particles was measured for tube lengths of 0.5m, 

I .Om, 1.5m and 2.0m. These tube lengths corresponded to residence times of 0.81 s, 1.58s, 

2.34s and 3.1 ls respectively. The diameter (D) of the tubes used was 6.5mm. Under these 

experimental conditions, the Reynolds number in D=6.5mm is 4500; hence it can be 

assumed that fully developed turbulent plug flow exists in the tubular reactor lengths 

used in the study. 
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In order to justify the use of the stationery rate, the supersaturation ratio was calculated 

before the reaction commenced and after a residence time of 3 .11 s. The results (Table 1) 

showed that the maximum change in the supersaturation took place when the initial 

supersaturation ratio was 8.66x1015 (1.1% decrease). 

Table 1-Change in supersaturation over the experimental residence time of 3.lls 

Initial % Decrease in 
supersaturation supersaturation 
8.66xl015 1.10 
2.18xl016 1.00 
4.32x101() 0.90 
4.33xl011 0.92 

Supersaturation changes of the same order have been used in previous studies (Roelands 

et al. 2005; Mahajan and Kirwan, 1993). It was therefore assumed that the 

supersaturation over the experimental duration was constant. The main reason for the 

insignificant change is the small change in the selenium concentration over the 

experimental residence time and the high pKa of copper selenide (10-57•7). 

3.5.3 Sampling and measurements 

A 108ml sample was collected from the outlet tube into a container filled with de-ionised 

water. Dilution of the sample with two litres of de-ionised water at room temperature was 

carried out in order to quench the reaction and hence prevent additional nucleation. The 

effectiveness of the dilution was checked by carrying out a PSD analysis immediately 

after collection of the sample and then 7 minutes after collection of the sample. The PSD 

was invariant for the dilution using two litres of de-ionised water; hence it was 

determined that this dilution ratio was effective in quenching the reaction for the period 

required to take a measurement (7 minutes in this case). A 2ml sample was taken and 

analysed for the number of particles (Np). This procedure was repeated for four different 

lengths of the outlet tubes and for four different supersaturations. The number of particles 

was analysed using the dynamic light scattering (DLS) technique (Nano ZS, Red badge, 

Model: ZEN 3600). 
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4.0 RESULTS AND DISCUSSION 

4.1 Thermodynamic simulation 

4.1.1 Aqueous phase properties 

Table 2 shows the aqueous phase properties of the initial copper sulphate solution at 95° C 

and 1 atmosphere. The species in the initial copper sulphate solution are shown in 

Appendix A. The values were created using OLI Stream Analyser (OLI system Inc., 

2004). 

Table 2 - Aqueous phase properties of the process feed at 95°C and 1 atmosphere 

pH 1.93 

Ionic strength 0.10 mol/mol 

Solution density 1.19 g/ml 

ORP 0.94 V (SHE) 

The solution is highly oxidised (ORP 0.94V). This is expected because during the 

leaching process, oxygen is injected into the system in order to oxidise copper to copper 

oxide. During this process, selenium is also oxidised to selenites and selenates. The initial 

solution contains the aqueous phase only, with the dominant aqueous species being H+, 

so/-, HSO4-, HSO3- and Cu2+. These results are in agreement with previous studies 

(Elrashidi et al., 1993) showing that under acidic and oxidising conditions, selenium 

exists as hydrogen selenate and hydrogen selenite (HSeO4- and HSeO3- respectively). 

Figure 12 shows the behaviour of the initial copper sulphate solution with changes in pH. 

This was modelled using OLI Stream Analyser (OLI system Inc., 2004). 
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Figure 12 - Solids formed in initial copper sulphate solution with changes in pH at 

95°C, 1 atm 

The graph shows that the initial copper sulphate solution, at pH 1.93, does not contain 

any solid phases. However, increasing the pH favours the precipitation of copper oxide, 

which starts to precipitate at pH 2.5. 

4.1.2 Potential/pH (Eh/pH) diagrams 

It is essential to identify the predominant aqueous species in the copper sulphate solution 

before the reduction reaction. Establishment of the boundaries of the selenium 

precipitation system in a potential/pH diagram results in the formation of domains in 

which a particular species is thermodynamically stable. The process of establishing the 

Eh/pH diagram for the overall system was carried out by construction of the species -

water system for all species in the copper sulphate solution and then superimposing them 

on each other (modelled using OLI Stream Analyser, 2004). Figure 13 illustrates the Se­

H20 system at 95°C and atmospheric pressure (modelled using HSC Chemistry 5.1). 
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Figure 13 - PotentiaVpH diagram for Se - H2O systems at 95°C and 1 atmosphere 

Since the initial process solution has a pH of 1.93 and a potential of 0.94V, it lies in the 

region marked HSeO4- on the Eh/pH diagram. This shows that the dominant selenium 

species in the copper sulphate solution under the operating conditions is HSeO3-. This is 

in agreement with results from the OLI thermodynamic model. Figure 14 shows the 

speciation diagram for copper (modelled using HSC Chemistry 5.1 ). 
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Figure 14-PotentiaVph diagram for Cu -H2O systems at 95°C and 1 atmosphere 
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The cupric ions are stable over a small pH range (between zero and three) and at high 

potential (between 0.35V and 2V). Increasing the pH above 3 under highly oxidising 

conditions favours precipitation of CuO. Copper (I) oxide (Cu2O) is formed under mild 

reducing conditions while under highly reducing conditions solid elemental copper is 

thermodynamically stable. However, in the copper sulphate solution, selenium and 

copper ions co-exist. Therefore, a combined Eh/pH diagram will give the overall 

speciation of the system. The overall Eh/pH diagram is shown in Figure 15. 

2 2 

1.5 HSeO4 SeO/· 1.5 

·- ..... 

0.5 0.5 

~ 
0 0 ?, 

iTI -0.5 -0.5 

-1 

-1.5 HSe· Cu (0) -1.5 

-2 I -2 
0 2 4 6 8 10 12 14 

pH 

Figure 15 - Potential/ph diagram for Se -Cu - H2O systems at 95°C 

The speciation diagram reveals that copper selenide (Cu2Se) is formed over the whole 

range of pH under reducing conditions only. The reducing condition in the precipitation 

reaction is induced by addition of sodium sulphite. A thermodynamic survey by pH was 

carried out using OLI Aqueous Stream Analyser (OLI system Inc., 2004) to predict the 

dominant solids formed when sodium sulphite is added to the copper sulphate solution. 

The results are shown in Figure 16. The aqueous species output of the system after 

sodium sulphite addition is shown in Appendix 2 (OLI system Inc., 2004). 
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The results reveal that in both 23(a) and 23(c), more copper selenide (seen by the many 

very small particles in picture) is produced while during Se6+ reduction (23b), there is 

more element copper precipitated (seen by large smooth particles) than in the other 

experiments. This is because in the absence of any selenide ions (Se6+ reduction is slow), 

most of the cuprous ions (Cu+) undergo disproportionation. 

It was noted that on addition of the sodium sulphite into the reactor there were colour 

changes from the blue colour of copper sulphate to a greenish-blue colour followed by a 

greenish yellow colour and eventually the reactor contents returned to a blue colour. 

These colour changes signified formation of intermediate complexes during the reaction. 

It was hypothesized that these complexes resulting in the colour changes were those 

between copper and sulphur. 

4.3 Significance of copper interactions with sulphite ions 

Experimental observations showed that a yellowish-brown precipitate was formed 

immediately on addition of sodium sulphite. In the first experiment, the suspension 

rapidly dissolved, yielding a light green solution. However, in the second experiment 

(with excess sodium sulphite), the solution went on to take a yellowish colour which 

rapidly diminished to a colorless solution. In both experiments, as the precipitate 

dissolved, a brick red precipitate began to sediment at the bottom of the test tube. This 

precipitate was more prevalent in the second experiment than the first one due to the 

excess sodium sulphite used. This precipitate rapidly dissolved on addition of excess 

sulphuric acid. 

The precipitate formed was analysed using Scanning Electron Microscopy (SEM) and 

Energy Dispersive Spectroscopy (EDS) in order to identify its constituents. The results 

are displayed in Figure 24 and Figure 25. 

40 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Th 

and 

ulphit , 

ratio 

1600 
Cu 

s 
1400 

1200 

1000 

800 Counts 

600 

400 

s 200 

0 

00 20 ◄ .O 6.0 B.O \0.0 12.0 14.0 160 180 

Angle (deg.) 

igur 24 - o rgy di per ion p ctr op nal f th pr ipitate. 

ho that th r, wphur 

m uJpbur b aring 1 a ce copp r 

.2H20 h vr ul ' all . ho d 

th comp! n it in tabilit a d 

b ing pr pared. Furth r an 

m nt in th pr cipitat r pp r was in. xce s f it 



Univ
ers

ity
 of

 C
ap

e T
ow

n

constituency m the sulphur bearing compound (Table 3). This would suggest the 

existence of another complex (most likely CuSO3) or element copper. 

Table 3 - Constituents of precipitate as a percentage 

Element Weight(%) Atomic(%) 
Oxygen (0) 1.52 4.93 

Sulphur (S) 17.78 28.89 

Copper (Cu) 80.7 66.17 

From the results, it is apparent that the colour changes that take place in the precipitation 

process are from the redox reactions involving copper and the sulphur bearing sulphite 

ions. The yellowish brownish colour can be attributed to the cupric ion - sulphite 

complex which is formed instantly on mixing according to equation 27. The cupric 

sulphite complex intermediate formed is very unstable and a rapid reduction of the cupric 

ion to cuprous ion (Cu+) takes place with the sulphite being oxidized to the sulphate ion 

according to equation 28. The cuprous ion (Cu+) will then react with available selenide 

ions to precipitate copper selenide. However in the absence of the selenide ions, 

especially in Se( +6) reduction, the cuprous ions are reduced to element copper before 

reacting with selenide ions. 
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However, in the free selenate, the oxygen is strongly held as it is closer to the selenium 

nucleus hence it is envisaged that its reduction is slow. It can also be observed that 

protonation of the free selenite changes its reactivity. Figure 27c shows that the S-OH 

bond length in the protonated species is much longer than the S-O in the free selenate. 

Table 4, 5 and 6 shows the calculated energies for the selenate reduction reaction using a 

sulphite based reductant. Solvation energy (E501) was calculated by including solvation 

effects using the continuum-solvation technique with the Poisson-Boltzmann (PB) 

approach. 

From the calculated results, the reduction step of the free selenate has the highest 

activation energy of 4.354 kcal/mol (18.217 kJ/mol). Protonation of the free selenate 

reduces the activation energy to 3.914 kcal/mol (16.38kJ/mol). The activation energy for 

the selenite species is 3.054 kcal/mol (12.78 kJ/mol). This indicates a very small 

difference (0.86 kcal/mol) in the activation energies of the selenite and the selenate 

species. Such a small difference in the activation energies does not completely correlate 

to experimental results which showed that the reduction of selenite is much faster than 

that predicted by the difference in activation energies. 
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Table 4 - Calculated energies for the free selenite ion (Seol-) and sulphite ion interaction 

Configuration 
Eo ZPE S {T=95°C} H(T=95°C) G(T=95°C) Esol AG 

Hartree kcal/mol kcal/mol cal/mol.K kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol 

seol- - sol (R) -858.493 -538712.593 11.965 107.159 39.455 8.840 -30.615 -211.220 -538942.463 
seol- - sol (TS) -858.482 -538705.796 11.680 103.510 38.111 8.308 -29.803 -215.490 -538939.409 

Difference 0.011 6.797 -0.285 -3.649 -1.344 -0.532 0.812 -4.270 3.054 

Table 5 - Calculated energies for the free selenate ion (SeO/) and sulphite ion interaction 

Configuration Eo ZPE S {T=95°C} H(T=95°C) G(T=95°C) Esol AG 

Hartree kcal/mol kcal/mol cal/mol.K kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol 

seol - sol (R) -933.631 -585862.126 13.901 113.114 41.647 9.689 -31.959 -198.980 -586079.163 
Seol - sol (TS) -933.624 -585857. 722 13.719 106.368 39.164 9.058 -30.106 -200.700 -586074.809 
Difference 0.007 4.403 -0.182 -6.746 -2.484 -0.631 1.853 -1.720 4.354 

Table 6- Calculated energies for the hydrogen selenate ion (HSeO3-) and sulphite ion interaction 

Configuration Eo ZPE S {T=95°C} H(T=95°C) G(T=95°C) Esol AG 
Hartree kcal/mol kcal/mol cal/mol.K kcal/mol kcal/mol kcal/mol kcal/mol kcal/mol 

HSeol - sol (R) -934.348 -586312.11 21.593 119.818 44.116 10.351 -33.765 -57.500 -586381.783 

HSeOl - sol (TS) -934.344 -586309.547 21.362 111.297 40.978 9.554 -31.424 -58.260 -586377.869 
Difference 0.004 2.565 -0.231 -8.521 -3.137 -0.797 2.341 -0.760 3.914 
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4.5 Nucleation kinetics 

Figures 28 to 31 show the results of the number of particles (Np) versus residence time plot 

for the four supersaturation ratios. 
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Figure 28 - Supersaturation of 8.66x1015 yielding a nucleation rate J = 1.0x1015 m-3s-1 
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Figure 29 - Supersaturation of 2.17x1016 yielding a nucleation rate J = 2.0x1016 m-3s-1 
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Figure 30 - Supersaturation of 4.32x1016 yielding a nucleation rate J = 8.0x1016 m-3s-1 
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Figure 31 - Supersaturation of 4.33x1017 yielding a nucleation rate J = 8.0x1021 m-3s-1 

From the graphs, it can be observed that there is an increase in the number of particles with 

increasing residence time. This behavior is expected if equation 13 holds, as an increased 

residence time allows greater contact time for more particles to nucleate. The nucleation 
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rate was calculated for the four supersaturation levels according to equation 14. The results 

are shown in Table 7. 

Table 7 - Nucleation rates for the investigated supersaturations 

Supersaturation 

ratio (S) 

8.66x1015 

2.17x1016 

4.32x1016 

4.33xl017 

Nucleation rate (J) 

(m-3s-t) 

l.0x10 15 

2.0x1016 

8.0x1016 

8.0xl021 

It can also be observed that the nucleation rate increases gradually with an increase in 

supersaturation level. This trend is consistent with previous studies (Kashchiev and 

Rosmalen, 2003; Roelands et al. 2005) on different precipitation systems which showed that 

nucleation rate increases with increasing levels of supersaturation. In order to derive more 

useful information for this precipitation system, the natural logarithm of the supersaturation 

to nucleation rate ratio (ln(J/S)) was plotted against 1/(ln2S) according to equation 6. The 

plot is shown in Figure 32. 
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Figure 32 - The natural logarithm of the supersaturation to nucleation rate ratio (In 

(J/S)) against 1/(ln2S) graph 
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According to equation 6, the intercept of the graph determines the kinetic parameter A while 

the gradient gives thermodynamic constant B. The calculated results showed that; 

A=3.92x1027 m-3s-1 and B=8.98xl0°4. The thermodynamic parameter (B) was used to 

compute the nucleation work (W*) and the critical nucleus size (n*) according to equations 

7 and 8 respectively. The calculated values of these parameters for the four different 

supersaturation ratios are displayed in Table 8. 

Table 8 - Calculated values of nucleation work and nucleus size 

Supersaturation Nucleus Nucleation 

ratio (S) size (n*) work ( \\XT) 

8.66x1015 3.63 66.66 

2.17x1016 3.37 63.44 

4.32x1016 3.19 61.19 

4.33x1017 2.68 54.44 

From Table 7, it can be deduced that the nucleus size decreases with an increase m 

supersaturation. This is in line with previous studies and theory (Sohnel and Garside, 1992). 

For the supersaturation levels investigated, the results show that the critical nucleus size 

(n*) is very small, consisting of between 2 to 4 particles. This result is consistent with SEM 

images and measurements using the dynamic light scattering (DLS) technique which 

showed that the particles are in the nano range. Such a small size of the critical nucleus size 

also confirms why the particles instantaneously appear upon contact of the reagents. The 

results also show that the energy barrier to nucleation (nucleation work) decreases with an 

increase in supersaturation and that the nucleation energy for this system is extremely small. 

Again, this is consistent with the precipitation system under consideration because it 

involves high supersaturation levels. 

The kinetic constant A (3.92x1027 m-3s-1) is relatively high and according to Kashchiev and 

van Rosmalen (2003), this is an indication of a homogeneous nucleation dominated system. 

Since the experiments were carried out under high supersaturation levels, such a high value 

of A is expected. The high value of the kinetic parameter is due to a high frequency of 

monomer attachment to the nuclei. Therefore this confirms that seeding has an insignificant 

effect on the nucleation kinetics of selenium precipitation. 
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The instantaneous formation of the critical nucleus size shows that the nucleation process is 

not the rate limiting step in selenium precipitation. It is therefore predicted that the rate 

limiting step is the chemical reaction rather than the particle formation processes. 

The particles formed are very small, which may lead to filtration problems. Hence other 

secondary processes like aggregation and Oswald ripening must be promoted to increase 

particle size, thereby improving filterability. This could be done by setting an optimum 

agitation rate and a longer contact time. Growth is minimal due to the high supersaturation 

levels and their rapid consumption. 
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5.0 CONCLUSIONS 

I. Reduction of selenium from copper sulphate solution needs to be carried out under 

acidic conditions (pH<3) in order to prevent copper co-precipitating as oxides. 

Reduction of selenites (Se+4) is extremely fast with a 99.9% conversion being 

achieved in less than 60 seconds. However, un-catalyzed reduction of selenate (+6 

oxidation state) is extremely slow with a 45.77% conversion being achieved in 

seventy two hours. 

II. Selenate is difficult to reduce due to its rigid structure which has a zero dipole 

moment. The activation energies of selenite, free selenate and hydrogen selenate 

interaction with sulphite ions show a trend that is in agreement with experimental 

evidence i.e. rate of reaction of selenite>hydrogen selenate>free selenate. 

III. It is therefore not practical to develop a continuous selenium precipitation process due 

to the long residence time required for the +6 oxidation state to be reduced to the 

required levels. An ion that will form a more reactive complex with selenate ( +6 

oxidation state) is required to shorten the reaction time. It is suggested that such an ion 

can be searched for using the molecular modeling approach. The desired ion should 

significantly reduce the activation energy of the selenate/sulphite ion interaction 

reaction to that similar to selenite reduction. 

IV. It can also be concluded that selenite does not have any significant catalytic effect on 

selenate reduction. Therefore its presence in solution does not reduce the selenate 

reaction time. 

V. Element copper and a mixed valence copper - sulphite salt called Chevreul' s salt 

(Cu2SO3.CuSO3.2H2O) may be precipitated together with copper selenide during the 

selenium precipitation process (if the solution pH is above 2.0 for Chevreul's salt). 

More copper is precipitated if the solution is abundant in selenate. Because of these 

side reactions, sodium sulphite needs to be added in excess. 

VI. The kinetic parameter (A) for the selenium precipitation process was estimated to be 

3.92x1027 m·3s·1 and the thermodynamic constant (B) was calculated to be 8.98xl0°4. 

Therefore the relationship between nucleation rate (Js) and supersaturation ratio (S) for 

selenium precipitation is given by: 
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[29] 

VII. The nucleation work in selenium precipitation is very small. As a result nucleation is 

spontaneous and takes place through a homogenous mechanism. Therefore seeding is 

of less importance in this process. 

VIII. The critical nucleus of copper selenide is very small (between 2 and 4 particles). This 

may lead to filtration problems hence an aging process needs to be promoted to 

increase the particle size thereby significantly improving filterability. 
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6.0 RECOMMENDATIONS 

In order to develop a continuous selenium precipitation process, there is need to 

significantly reduce the reaction time for the reduction of Se+6 to Se+4. Therefore studies 

should focus on finding possible ways to speed up the reduction reaction of selenium ( +6) 

to selenium (+4) oxidation state. The investigation process can be achieved through (i) 

trying different reagents in a series of experiments to determine the desired reductant ( one 

that will results in a faster reduction), (ii) trying different possible catalysts with sulphur 

based reagents as reductants, (iii) finding an ion that can destabilize the selenate structure to 

make it more reactive and (iv) carrying out the experiment under high temperature and 

pressure. Based on previous studies (Hofirek, 1981) a temperature of 175°C and pressure of 

10 bar is recommended as a starting point. These aspects can be investigated experimentally 

or can be carried out theoretically using commercial modeling programs like Jaguar 7.5 

(Schrodinger, Inc., Portland, OR) for aqueous systems. 

Since selenium and tellurium are both impurities in the copper electrowinning solution, 

further studies can also be carried out to investigate the reduction kinetics of tellurium. 

However the reduction chemistry of tellurium is expected to be similar to that of selenium 

due their proximity within group 6 of the periodic table. 
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APPENDICES 

Appendix A 

Species in the initial copper sulphate solution at 95°C and 1 atmosphere (Modeled using 
OLI Stream Analyzer 2.0) 

Total 
Species Output (True Species) (mot) Aqueous (mot) Vapor (mot) Solid (mot) 

H2O 55.5087 55.5087 0 0 

H2S04 9.84E-14 9.84E-14 0 0 

Cu(OH)2 4.93E-10 4.93E-10 0 0 

H2 l.49E-32 l.49E-32 0 0 

H2SeO3 8.14E-04 8.14E-04 0 0 

02 2.15E-l l 2.15E-l l 0 0 

SO3 5.33E-17 5.33E-17 0 0 

Cu(OH)/ 7.87E-19 7.87E-19 0 0 

Cu(OH)4-2 7.56E-27 7.56E-27 0 0 

Cu+1 8.59E-l l 8.59E-l l 0 0 

Cu+2 1.56998 1.56998 0 0 

CuOH+1 l.88E-05 l.88E-05 0 0 
H+l 0.0197404 0.0197404 0 0 

HSeO3-1 5.33E-05 5.33E-05 0 0 

HSO/ 0.794261 0.794261 0 0 

Na+1 l.07E-03 l.07E-03 0 0 

NaSO4-1 6.62E-04 6.62E-04 0 0 

Off1 3.34E-l l 3.34E-l l 0 0 

SeO3-2 3.24E-09 3.24E-09 0 0 

so/ 1.18291 1.18291 0 0 

Total (by phase) 59.0782 59.0782 0 0 
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Appendix B 

Species output of selenium precipitation from acidic copper sulphate solution at 95°C and 1 
atmosphere (Modeled using OLI Stream Analyzer 2.0) 

Species Output (True Species) Total (mol) Aaueous (mol) Vapor (mol) Solid (mol) 

H20 55.4244 55.4244 0 0 

H2S04 l.66E-13 l .66E-13 0 0 

Cu(OH)2 2.79E-10 2.79E-10 0 0 

Cu20 0.0391946 0 0 0.0391946 

Cu2Se 8.67E-04 0 0 8.67E-04 

H2 3.92E-16 3.92E-16 0 0 

H2S 8.56E-22 8.56E-22 0 0 

H2Se l.82E-32 l.82E-32 0 0 

H2Se03 2.55E-3 l 2.55E-3 l 0 0 

Na2S204 7.44E-38 7.44E-38 0 0 

02 3.46E-44 3.46E-44 0 0 

S02 l.92E-l l l.92E- l l 0 0 

S03 9.02E-17 9.02E-l 7 0 0 
Cu(OH)3_, 3.30E-19 3.30E-19 0 0 

Cu(OH)4-2 2.23E-27 2.23E-27 0 0 
Cu+' 0.0100519 0.0100519 0 0 
Cu+2 1.47981 1.47981 0 0 
CuOH+1 l.37E-05 l.37E-05 0 0 
H+l 0.0253154 0.0253154 0 0 
HS-1 2.88E-26 2.88E-26 0 0 
HSe-1 3.50E-34 3.50E-34 0 0 

HSe03-1 l.23E-32 l.23E-32 0 0 
HSeO4- 1 6.85E-48 6.85E-48 0 0 

HSO/ l.I0E-11 l.l0E-11 0 0 

HSO/ 0.959263 0.959263 0 0 

HSO/ 2.0lE-37 2.0lE-37 0 0 
Na+1 0.0619376 0.0619376 0 0 

NaS2O/ 5.59E-25 5.59E-25 0 0 
NaS04-1 0.0351771 0.0351771 0 0 

Off1 2.54E-l l 2.54E-l l 0 0 
s-2 l.14E-34 l.14E-34 0 0 
s2-2 9.67E-46 9.67E-46 0 0 
S203-2 3.80E-23 3.80E-23 0 0 
S204-z 6.53E-33 6.53E-33 0 0 
S20s-2 7.55E-27 7.55E-27 0 0 
S206-z 9.06E-23 9.06E-23 0 0 
S20s-2 l.37E-42 l.37E-42 0 0 
s4-2 4.14E-69 4.14E-69 0 0 
se-2 8.35E-45 8.35E-45 0 0 
Se03-2 5.27E-37 5.27E-37 0 0 
Se04-2 l.43E-47 l.43E-47 0 0 

so/ l.86E-16 l.86E-16 0 0 
S04-2 1.03125 1.03125 0 0 

Total (by phase) 59.0673 59.0272 0 0.040062 
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