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Abstract 

It is challenging to obtain a final lead concentrate from copper-lead-zinc ores due to the 

complex mineralogy of the ore and the similar flotation behaviour of minerals within the ore.  

This study was carried out to investigate a new method of separating lead, found in the form of 

galena, through the use of the polyamine chelating agent triethylenetetramine (TETA).  

 

Fundamental micro-flotation, X-Ray Photoelectron Spectroscopy (XPS), and leaching 

tests were conducted on pure galena to investigate the ability of TETA to reactivate galena 

previously depressed using sulphite or dichromate ions.  From the micro-flotation and XPS 

experiments it was found that when galena was depressed using sulphite ions, the addition of 

TETA resulted in the reactivation of galena and an increase in recovery.  However when galena 

was depressed using dichromate ions, the addition of TETA caused a further decrease in 

recovery.  Leaching experiments showed that lead dichromate is not easily leached by TETA. 

 

Bench scale studies were conducted to verify whether TETA could be used to reactivate 

galena from complex copper-lead-zinc ores.  Results for the bench scale experiments were 

consistent with the fundamental studies.  When sulphite ions were used to depress galena, TETA 

was able to effectively reactivate the galena.  However when dichromate was used as the 

depressant, the addition of TETA did not result in the reactivation and flotation of galena.  These 

findings further suggested that the addition of TETA in the sulphite system resulted in the 

removal of lead sulphite from the mineral surface.  It is believed that this is lead xanthate, being 

more stable than lead sulphite, remained on the mineral surface, resulting in an increase in 

hydrophobicity and a subsequent increase in recovery.  In the dichromate system, TETA did not 
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remove the lead dichromate bearing hydrophilic product, which is believed to act as a barrier for 

required xanthate interaction. Interestingly, action of TETA at this stage caused reactivation of 

other sulphides co-existing with galena. Residual xanthate, which cannot be utilized by depressed 

galena, promoted stage flotation of sphalerite, pyrite and copper bearing minerals. Removal of 

these minerals was helpful for further upgrading of galena in the tailings fraction. 
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Chapter 1 

Introduction 

1.1 Background 

The beneficiation of copper-lead-zinc ores is one of the most challenging of all processes due 

to their complex mineralogy (Bulatovic, 2007).  Copper-lead-zinc ores originate from massive 

sulphide deposits found all around the world.  The minerals within these deposits are intimately 

associated, finely disseminated and typically contain large amounts of iron sulphides, in the form 

of pyrite and pyrrhotite, in varying ratios. This type of deposit will usually be mound shaped with 

a stratabound body composed of sulphides, quartz and some other minerals, underlain with veins 

and disseminated sulphides (Galley et al, 2007).  This complex mineralogy makes the 

beneficiation of massive sulphide deposits very energy intensive and challenging.  The separation 

of copper-lead-zinc ore is further complicated by the fact that copper and zinc minerals, found in 

the form of chalcopyrite and sphalerite respectively, exhibit similar flotation behavior, which is 

attributed to inadvertent activation problems (Wills, 2006). 

 

The most widely used process for the treatment of copper-lead-zinc ores is the bulk flotation 

of the two most readily floatable minerals, galena and chalcopyrite, with sphalerite depressed.  

This method is used by approximately 90% of the processing plants in operation (Bulatovic, 

2007). The basic flow sheet for this process can be seen below in Figure 1-1. 
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Figure 1-1 Typical flowsheet used for bulk copper-lead flotation (Bulatovic, 2007) 

 

In this process, the bulk copper-lead float is accomplished through the use of a thiol 

collector, such as ethyl xanthate.  Xanthates adsorb onto the mineral surfaces of galena and 

chalcopyrite, forming insoluble metal xanthates, rendering the mineral surfaces hydrophobic 

(Wills, 2006).  The sphalerite will be depressed through the use of zinc sulphate as a soluble salt, 

which forms hydrophilic films on the mineral surface, preventing the adsorption of the xanthate 

(Chander, 1988).  Following the bulk flotation, the zinc will be floated from the tailings through 

reactivation using copper sulphate solution, while the copper and lead will be separated.  

Typically, the separation of copper-lead is accomplished by depressing galena while floating the 
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copper.  Galena is known to be easily floatable unless oxidized; therefore chromate or sulphite 

ions are used, since they have oxidizing capabilities.  Following the copper-lead separation stage, 

it will be challenging to obtain a final lead concentrate, as there will be a significant amount of 

iron sulphides simultaneously present.  Furthermore, lead will still be depressed in the system, 

meaning a simple flotation is not possible.   

 

Several concentrators, processing complex ores such as the Brunswick Mine 

Concentrator, experiencing this difficulty have tried to obtain a final lead concentrate through the 

use of a reverse flotation stage.  In this process, the iron sulphides, pyrite and pyrrhotite are 

floated at high temperatures to leave behind galena in a concentrated form.  Although this 

procedure proved successful in obtaining a final lead concentrate, it has been regarded as 

complicated and energy intensive, resulting in high operating costs and making it impractical for 

industrial use (Johnson & Munro, 2002). 

1.2 Proposed Research 

This thesis is concerned with the examination of a novel flotation process to separate 

lead, in the form of galena, from complex copper-lead-zinc ores associated with iron sulphides.  

This study will focus on the use of the polyamine-chelating agent, triethylenetetramine (TETA) as 

a modifying agent, to selectively activate and then float galena to obtain a final concentrate, as 

opposed to floating the iron sulphides.   

 

The hypothesis is that since galena is known to be highly floatable unless oxidized, its 

depression in the copper separation stage involves a heavy oxidation.  Such conditions also cause 

effective depression of iron sulphides, usually by formation of ferric (oxy) hydroxides on their 
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surfaces.  TETA is a strong chelating agent for non-ferrous metal ions including Pb(II), but it’s 

affinity for ferric species is extremely poor.  Thus, the use of TETA should not interfere with the 

accumulation of insoluble ferric species on iron sulphides, which are expected to be relatively 

free from the influence of activating non-ferrous species due to sequestration action.  On the other 

hand, since the galena is a continuous solid phase of Pb(II), it’s surface will provide plenty of 

exposed active sites for collector action once an oxidized layer involving Pb ions is destabilized 

or at least partially removed by chelation/sequestration action.   

1.3 Research Objectives 

The main objective of this work is to assess the ability of TETA to selectively activate 

galena once it has been depressed through the use of either chromate or sulphite ions.  This is 

accomplished by performing fundamental studies using pure galena and laboratory grade reagents 

as well as bench scale flotation experiments using copper-lead-zinc ores.  The fundamental 

studies carried out were micro-flotation, X-Ray Photoelectron Spectroscopy (XPS) and leach 

experiments.  The main goal of the fundamental studies was to gain a better understanding of the 

chemical interactions occurring on the galena surface throughout the collecting-depressing-

reactivating process.  The main goal of the bench scale experiments was to verify that TETA can 

selectively activate galena in industrial copper-lead-zinc ores once it has been depressed using 

either chromate or sulphite ions 

1.4 Thesis Organization 

This thesis is organized into several sections and subsections; 
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Chapter 1 presents the introduction to the thesis.  The chapter is separated into four sections; 

background, proposed research, research objectives and thesis organization.  The background 

section presents a history of the problem and a lead into the purpose of the thesis.  The proposed 

research section presents the hypothesis of this thesis.  The research objectives section presents 

the objectives that this thesis attempts to accomplish.  Finally, the thesis organization section 

provides an overview of each section of the thesis. 

 

Chapter 2 presents a review of existing literature for the work in this thesis.  The chapter is 

separated into five main sections; general overview, review of galena reverse flotation, ethyl 

xanthate collector, depressants, and chelating agents.  The general overview section provides a 

brief introduction into the topics that will be discussed in the literature review.  The following 

section reviews mines that have previously employed the reverse flotation of galena during the 

processing of complex sulphide ores.  The ethyl xanthate collector section provides a brief review 

of the mechanism, through which ethyl xanthate promotes galena flotation.  The depressants 

section reviews the method by which chromate and sulphite ions act as depressants for galena.  

Finally, the chelating agents section discusses materials relating to polyamine chelating agents, 

such as DETA and TETA, and their use in flotation. 

 

Chapter 3 presents a series of fundamental studies performed using pure galena to gain a better 

understanding of the interactions occurring in the collecting-depressing-activating system and the 

role of TETA in the system.  The chapter begins with 3.1 Materials, Methods and Procedures, 

which presents descriptions of the minerals, reagents, equipment and experimental procedures 

used for micro-flotation, XPS, and leach experiments performed.  The next section, section 3.2 
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Results and Discussions, presents the results of the experiments outlined in section 3.1 and 

discusses their significance and meaning.  Section 3.2 is divided into three parts: sulphite system, 

dichromate system and leaching experiments.  The last section, section 3.3 Summary and 

Conclusions, presents a conclusion for Chapter 3 and summarizes the experiments and results 

discussed. 

 

Chapter 4 presents bench scale experiments carried out using samples of industrial copper-lead-

zinc ore from two separate mines.  The first section in this chapter is section 3.1 Materials, 

Methods and Procedures, which presents descriptions of the ores, reagents, equipment and 

experimental procedures used.  The second section, section 3.2 Results and Discussions, presents 

the results of the bench scale flotation experiments and a discussion of what the results signify.  

This section is divided into two parts: the sulphite system and the dichromate system.  The final 

section, section 3.3 Summary and Conclusions, presents a conclusion to the experiments in this 

section. 

 

Finally, Chapter 5 presents the conclusions of the thesis and outlines potential areas for future 

investigations. 
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Chapter 2 

Literature Review 

2.1 General Overview 

A review of the available literature found no previous studies involving the use of 

polyamine chelating agents to selectively reactivate and float galena from complex copper-lead-

zinc-ores.  There are, however, a wide variety of research areas that have applicability to the 

current study.  There has been extensive research done on the use of potassium ethyl xanthate as a 

collector for galena.  There have also been many studies carried out on the use of both dichromate 

and sodium metabisulfite, SMBS, as depressants for galena.  These studies helped to provide 

insight into the interactions that occur in the flotation systems being studied.  Studies have also 

been done that show polyamine-chelating agents, such as TETA, have been successful when used 

for the production of concentrates of non-ferrous metals by selective flotation of their 

corresponding minerals from associated iron sulphides.  The reverse flotation process previously 

employed to obtain a final lead concentrate is also discussed in further detail.   

2.2 Review of Galena Reverse Flotation  

As previously discussed, it is difficult to obtain a high grade final lead concentrate from 

complex copper-lead-zinc sulphide ores.  This is problematic since low-grade concentrates will 

result in higher smelter costs, meaning the overall revenue from the lead concentrate will be low 

when compared with the value of the ore contained in the deposit (Wills, 2006).  To overcome 

this problem, several mines employed reverse flotation circuits in the 1970s and 1980s. 
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Brunswick Mining and Smelting was a leader in technology, employing reverse flotation 

of pyrite to improve grades of both their lead and zinc concentrates (Johnson & Munro, 2002).   

In this process, reverse flotation circuit targeted flotation of a gangue mineral, the pyrite that 

exists in the ore abundantly and significantly reports to bulk copper-lead concentrate, from 

remaining the non-ferrous base metal sulphide.  Following the bulk copper-lead flotation, galena 

is depressed to obtain a copper concentrate, galena and pyrite accumulate in the tails along with 

some residual copper.  The lead concentrate produced using this method was then upgraded by 

performing a reverse flotation of pyrite.  The temperature of the slurry was brought up to 85ºC 

and conditioned for 45 minutes; the diothiophosphate collectors were added to float the pyrite.  

The flow sheet for this flotation circuit can be seen in Figure 2-1.  The lead tailings assayed at 

32.5% Pb and 13% Zn, and were further treated to float a lead-zinc concentrate, leaving behind a 

final lead concentrate of 36% Pb and 8% Zn (Wills, 2006).  Eventually Brunswick Mining and 

Smelting discontinued their reverse flotation processes as they very complex and costly to operate 

and instead opted to review and alter the liberation and separation stages in their conventional 

circuit (Johnson & Munro, 2002). 
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Figure 2-1 Brunswick Mining and Smelting flotation circuit (McTavish, 1980) 

 

The Woodlawn concentrator in Australia employed a reverse flotation circuit after they 

incurred smelter costs from their original lead assay.  In this process galena was depressed 

through the addition of sulphur dioxide and by heating the slurry to 85ºC, while pyrite was 

floated.  The concentrate had originally assayed 30% Pb and 20% Fe, but the reverse flotation 

improved the assay, resulting in 35% Pb and 15% Fe (Burns, Duke, & Williams, 1982).  The 

Mount Isa Mine also employed a reverse flotation circuit.  However they were able to achieve 

depression of galena by raising the pH of the slurry, which then allowed pyrite to be floated, as it 

possessed moderate hydrophobicity (Johnson & Munro, 2002).  These process were also 

discontinued due to the complexity of the processes and the high operating costs and the 

conventional circuit was reviewed and altered to improve mineral grades.  
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2.3 Ethyl Xanthate as a Collector for Galena  

Ethyl xanthate is a type of thiol collector that is commonly used for the concentration of 

galena in sulphide flotation due to its strength and selectivity.  Complete flotation of pure galena 

can be achieved over a wide pH range using a relatively small dose of ethyl xanthate as shown in 

Figure 2-2 (Fuerstenau & Han, 1993).   

 

Figure 2-2 Flotation response of galena as a function of pH with 1 x 10-5 M ethyl xanthate in 

the presence of air (Fuerstenau & Han, 1993) 

 

The reaction that occurs between ethyl xanthate and galena is complex, and over the 

years extensive research has been done on the system.  Early theories hypothesized that oxygen 

was not needed for the adsorption of ethyl xanthate on the galena surface.  It was proposed that 

xanthate uptake at the galena surface was due to exchange reactions between xanthate anions and 

sulfide anions (Pritzker & Yoon, 1984).  This mechanism has since been disregarded as it has 

been proven that xanthate adsorption will only occur in the presence of oxygen.  The proposals 

that have been made to take into account the role of oxygen can be summarized in two general 

categories; chemical and electrochemical. 
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Galena is metastable in nature, therefore it will be subject to oxidation/reduction 

reactions, especially when in an aerated aqueous environment, such as during flotation 

(Fuerstenau & Han, 1993).  Therefore, the chemical theory involves the oxidation of the galena 

surface to form insoluble lead compounds, such as lead sulfate or lead thiosulfate, as shown in 

Equation 1.1 (Finkelstein & Lovell, 1972). 

PbS + 2O2  PbSO4 (1.1) 

The lead compounds will then react with xanthate anions in solution, as shown below in Equation 

1.2 and 1.3. 

PbSO4 + 2EtX-  PbEtX2 + SO4
2-  (1.2) 

PbS2O3 + 2EtX-  PbEtX2 + S2O3
2- (1.3) 

The above reactions result in the formation of lead xanthate, which will form multilayers on the 

galena surface by displacing other sulfur-oxy and carbonate species (Fuerstenau & Han, 1993).  

The multilayers of lead ethyl xanthate are held together by Van Der Waals forces and have been 

shown to render the mineral surface hydrophobic.   

 

The electrochemical theory involves the simultaneous interaction of xanthate and oxygen 

at the galena surface (Finkelstein & Lovell, 1972).  A hydrophobic layer will be produced by 

independent anodic and cathodic reactions.  The cathodic reaction can be seen below in Equation 

1.4 and it involves the reduction of oxygen to the hydroxyl ion. 

½ O2  + H2O + 2e-  2OH- (1.4) 
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Two anodic reactions have been proposed; the formation of lead xanthate and the formation of 

dixanthogen.  The formation of lead xanthate involves a reaction between galena and a xanthate 

anion, as shown in Equation 1.5. 

PbS + 2EtX-  PbEtX2 + Sº + 2e- (1.5) 

While dixanthogen is formed by the oxidation of the xanthate ion, shown in Equation 1.6. 

2EtX-   EtX2 + 2e- (1.6) 

The anodic reactions in the ethyl xanthate-galena system have been studied extensively to 

determine whether lead xanthate or dixanthogen is formed at the mineral surface.  Spectroscopic 

studies carried out by Yoon and Basillo (1993) indicated that the xanthate began to chemisorb at 

0 mv (with respect to hydrogen electrode, Eh), resulting in the formation of lead xanthate species 

on the galena surface.  These studies gave no evidence of dixanthogen formation; leading to the 

conclusion that lead xanthate is the species responsible for rendering galena hydrophobic. 

 

It has also been found that lead xanthate forms a number of isolated multilayer patches on 

the mineral surface, rather than one continuous layer (Finkelstein & Lovell, 1972).  It has been 

proposed that this is due to the semi-conducting properties of galena.  Autoradiographic tests 

conducted by Maust et al (1976) have confirmed this, showing that the electrical potential on the 

galena surface is inconsistent.  Xanthate will adsorb onto the more anodic areas of the galena, 

resulting in isolated patches of lead xanthate. 

2.4 Depressants 

2.4.1 Chromate/Dichromate Depression 
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Chromate and dichromate salts have long been used as depressants for galena during the 

flotation of complex sulphide ores.  In recent years the use of chromate/dichromate salts as 

depressants has been declining since chromate ions can cause environmental damage (Wills, 

2006).  However chromate/dichromate are still used in many milling operations and their use as 

depressants for galena has been extensively studied in the past.   

 

Lowry and Greenway (1912) were the first to use potassium chromate as a depressant for 

galena.  They found that the introduction of a one percent potassium chromate solution was 

capable of effectively depressing galena during the flotation of complex sulphide ores.  Gaudin et 

al (1928) then went on to study whether potassium dichromate could depress galena in the 

presence of iso-amyl xanthate.  They found that dichromate was an effective depressant, even in 

the presence of a collector, and attributed the depression to the formation of insoluble lead 

dichromate on the galena surface (Okada, 1967).  However this interpretation was shown to be 

unsatisfactory by Wark and Cox (1932).  They tested the effect of ethyl xanthate on the mineral 

crocoite, lead chromate, and their findings showed that crocoite treated with 2 g of ethyl xanthate 

would form a contact angle of 63º and therefore be floatable. 

 

To gain a better understanding of the galena-chromate-xanthate system, Plaskin and 

Myasnikova (1958) used trace microradiography to study the effect of chromate on galena 

flotation. They concluded that chromate adsorbs irregularly onto the galena surface and this 

adsorption is independent of the xanthate adsorption.  When chromate attaches to galena, it 

hydrates the surface to such an extent that the mineral cannot be floated, even with a layer of 

xanthate present on its surface (Okada & Majima, 1971).   
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There was still some disagreement about the specific compound and mechanism 

responsible for chromate/dichromate depression of galena.  Stepanov and Nagirnyak (1961) 

hypothesized that depression was due to the formation of oxide films on the galena surface, while 

Yamasaki et al (1968) suggested lead chromate formation to be the cause of depression.  

Thermodynamic modeling and infrared spectroscopy tests carried out by Okada and Majima 

(1971), confirmed that lead chromate formed on galena treated with chromate or dichromate salts, 

confirming Yamasaki’s hypothesis.  They proposed two reaction mechanisms, Equation 1.7 and 

1.8, for the depressive action of chromate on galena. 

3PbS + 11CrO4
- + 16H+ --> 3PbCrO4 + 4Cr2O3 + 3SO4

- + 8H2O (1.7) 

3PbS + 5HCrO4
- + 5H+ --> 3PbCrO4 + Cr2O3 + 3S0 + 5H2O (1.8) 

This research was unable to confirm or deny Stepanovs theories, as they did not have sufficient 

instrument sensitivity to detect chromic oxide.  However, Matsuoka et al (1970) were able to 

confirm the formation of chromic oxide through the use of electron diffractometry tests (Okada & 

Majima, 1971). 

 

 Shimoiizaka et al (1976) performed studies examining the mechanism through which 

chromate/dichromate acts as a depressant for galena and the dependence of depression on the 

oxidation state of the galena surface.  Flotation experiments were carried out using oxidized 

galena, acid cleaned galena and untreated galena at a pH of 9.  It was concluded that the 

depression of galena by chromate/dichromate was influenced by the degree of oxidation.  Highly 

oxidized galena was easily depressed by chromate, whereas clean galena surface experienced 

little depression, even at high chromate concentrations.  However, the pH of the solution also 
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played a role in the effectiveness of chromate as a depressant, as shown in Figure 2-3 and Figure 

2-4.  At neutral pH, even unoxidized galena will be strongly depressed by chromate in the 

presence of xanthate. 

 

Figure 2-3 Flotation recovery of galena with three surface treatments as a function of 

potassium chromate addition (Shimoiizaka et al, 1976) 

 

 

Figure 2-4 Flotation recovery of cleaned galena as a function of pH with varying potassium 

chromate dosages (Shimoiizaka et al, 1976) 
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It was determined that the oxidation state of the galena surface also influenced the 

mechanism by which chromate acted as a depressant.  Electron diffraction tests revealed that lead 

chromate films formed on oxidized galena, while chromic oxide films formed on clean galena.  

Therefore it was concluded that the depressing action of chomate is due to the deposition of either 

lead chromate or chromic oxide films on the galena surface, rendering it hydrophilic.  In practice, 

most galena is oxidized to some extent, and as such lead chromate is typically the compound 

responsible for depression (Shimoiizaka et al, 1976). 

 

 It was also confirmed that xanthate will still adsorb onto galena in the presence of 

chromate/dichromate salts.  From Figure 2-5, it can be seen that chromate addition has little effect 

on the xanthate uptake for clean galena, and although there is a decrease in xanthate uptake for 

oxidized galena, eventually a constant value is reached.   

 

Figure 2-5 Uptake of xanthate and chromate by galena with three different surface 

treatments as a function of potassium chromate addition (Shimoiizaka et al, 1976) 
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Palsson (1991) performed chemical equilibria calculations to model a copper-lead 

separation in order to gain a better understanding of the mechanism through which 

chromate/dichromate acts as a depressant for galena.  He hypothesized that chromate/dichromate 

depression is due not only to the formation of lead chromate, but also due to the fact that 

chromate/dichromate is a strong oxidant.  Furthermore, since chromate/dichromate is a strong 

oxidizing agent, it will act as a redox-controlling reagent in the pulp.  According to Palsson 

(1991), chromate/dichromate could also oxidize other minerals in the pulp, which will consume 

chromate/dichromate ions and cause the redox potential to drop, which could potentially lead to 

poor depression of galena. On the other hand, it was noted that chromate/dichromate will oxidize 

xanthate to dixanthogen, which will result in desorption and therefore depression (Ralston, 1994).   

 

Experimentally it has been determined that dichromate is a more effective depressant 

than chromate because it is a stronger oxidant.  Furthermore, the addition of dichromate helps tp 

acidify the pulp, and chromate/dichromate depression functions best at neutral pH.   

2.4.2 Sulphoxy Depression 

The application of sodium sulphite as a depressant for sphalerite and pyrite was 

discovered as early as 1919 and reported by Pallanch (1928).  Following this discovery, related 

sulphoxy compounds, such as sodium metabisulfite, bisulfite and gaseous sulfur dioxide, were 

also found to be effective depressants for sphalerite, pyrite and pyrrhotite during the flotation of 

complex sulphide ores (Pattison, 1983).  Sodium sulphite and related compounds are found to be 

highly soluble substances with both oxidizing and reducing properties (Houot & Duhamet, 1992).  

Early studies conducted by Miller (1970) confirmed that the reducing properties of sulphite made 

it an effective depressant for pyrite.  The flotation of pyrite is attributed to the formation of 

dixanthogen on the mineral surface.  The addition of sulphite reduces the solution redox potential 
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to less than the xanthate-dixanthogen couple, therefore limiting adsorption and causing 

depression (Grano et al, 1997b).  Miller (1970) also tested the effectiveness of sulphite as a 

depressant for galena.  He found sulphite to be a poor depressant for galena, due to the fact that 

galena flotation by xanthate is dependent on the formation of lead xanthate, not dixanthogen.  

However, in plant practice there were cases where sulphite would act as a depressant for galena, 

even in the presence of xanthate, resulting in galena becoming mixed with sphalerite and iron 

sulphides.  The hydrophilicity of galena in the presence of sulphite ions is in agreement with the 

Eh-pH stability diagram developed by Toperi and Tolun (1969), which has been reproduced in 

Figure 2-6. This diagram indicates regions of feeble bubble contact (triangles) and strong bubble 

contact (squares) with respect to Eh which marks the xanthate (X-) to dixanthogen (X2) 

transformation (dotted line).  
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Figure 2-6 Eh-pH diagram of galena-ethyl xanthate system and experimental observations on 

hydrophobicity/hydrophilicity through bubble contact (Toperi and Tolun, 1969) (see text for 

explanation of symbols). 

 

This diagram also indicates two additional points regarding the effects of sulphite as a reducing 

agent (red circle) and chromate ions as an oxidizing agent (red diamond).  The sulphite case also 

involved ferrous ions, which can be part of flotation systems due to grinding media and presence 

of iron sulphides.  As can be noted, a reducing condition imposed by a mixture of SO3
2- + Fe2+ 

can lead to non-contact by bubble (i.e., hydrophilicty), hence leading to depression of galena. A 

relatively oxidizing condition imposed by chromate can also lead to depression due to non-

stability of xanthate in its presence.   However, lead diethyl xanthate (PbX2) as a source of 

hydrophobicity appears to be stable in the presence chromate. It should be noted that although the 

Eh-pH stability diagrams are useful at fundamental level for a well-defined pure mineral system, 

they can be of limited use in some cases due to their static and equilibrium nature compared to the 

multivariable and dynamic nature of real flotation systems.  On the basis of research work by 
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Miller (1970) and Pattison (1983), the reduction of the solution potential to less than the xanthate-

dixanthogen couple by sulphite ions would have no effect on the formation of lead xanthate. 

 

These conflicting observations prompted further research into the galena-sulphite-

xanthate system.  A study carried out by Shimoiizaka et al (1976) found that the sulphite ion 

could act as an effective depressant for galena, but only if the surface of the mineral was 

oxidized.  Figure 2-7 shows the flotation recovery of galena cleaned with acid, galena left 

untreated and oxidized galena.  Complete depression through the use of sulphite ions was 

achieved for a wide range of pH for the oxidized galena, while clean galena was only affected 

over pH 11. 

 

Figure 2-7 Flotation recovery of galena as a function of pH in the absence and presence of 

sodium sulphite when treated with 35 g/t ethyl xanthate and 100 g/t pine oil (Shimoiizaka et 

al, 1976) 
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It was first hypothesized that the addition of sodium sulphite resulted in desorption of 

xanthate from oxidized lead, therefore causing depression.  However, depression was achieved 

with galena that still contained large quantities of xanthate on its surface.  It was also determined 

that the addition of sodium sulphite did not inhibit the uptake of xanthate, as shown in Figure 2-7.  

It was therefore concluded that the depression of oxidized galena by the sulphite ion was due to 

the formation of lead sulphite, which rendered the mineral surface hydrophilic.  Lead sulphite is 

formed on the mineral surface due to the presence of air during conditioning and flotation, which 

results in oxygenation and oxidizing conditions.  Therefore sulphite ions act as oxidizing agents 

when used in galena depression, which differs from sphalerite and pyrite depression where 

sulphite acts as a reducing agent.  It was also proposed that any decrease in xanthate uptake on 

oxidized galena was due to reactions occurring between lead xanthate and sulphite ions in 

solution (Shimoiizaka et al, 1976).   

 

Figure 2-8 Uptake of xanthate by galena as a function of sodium sulphite addition with 35 

g/t ethyl xanthate (Shimoiizaka et al, 1976) 
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Pattison (1981) studied the effects of conditioning galena with sodium sulphite prior to xanthate 

addition.  He found that short xanthate conditioning times, prior treatment with sulphite did not 

cause depression and had little effect on xanthate adsorption.  However, extended conditioning 

times resulted in the depression of galena.  Therefore it was postulated that the depression was 

due to the destabilization of adsorbed xanthate by sulphite followed by the decomposition of 

desorbed xanthate by sulphite ions (Grano et al, 1997a). Yamamoto (1980) found that sulphite 

was capable of decomposing ethyl xanthate via Equation 1.9.   

C2H5OCSS- + SO3
2- + HSO3

- + O2  C2H5OH + 2S2O3
2- + CO2 (1.9) 

Therefore the presence of sulphite would greatly affect the amount of xanthate adsorbed onto the 

galena surface, which would in turn affect the flotation of galena.  Another study on the 

decomposition of xanthate by sulphite ions conducted by Misra et al (1989), which illustrated that 

dissolved oxygen concentration, pH and mole ratio of sulphite/xanthate greatly affected the 

decomposition of xanthate by sulphite ions.  It was observed that at mildly acidic to neutral pH, 

the rate of xanthate decomposition was rapid, as illustrated in Figure 2-8. 

 

Figure 2-9 Decomposition of xanthate in the presence of sulphite ions at various pH (Misra 

et al, 1989) 
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Their mechanism for the decomposition of xanthate by sulphite was similar to that by -Yamamoto 

(1980). They also identified perxanthate as an important intermediate product of this 

decomposition reaction, a finding that was confirmed later on by Grano et al (1997b).   

 

 Grano et al (1997b) further examined the solution interaction of sulphite and xanthate and 

its effect on galena flotation.  The rate of xanthate decomposition was studied as a function of 

sulphite concentration, dissolved oxygen content, temperature and pH by UV spectroscopy.  It 

was concluded that one important mechanism in the depression of galena by sulphite is the 

decomposition of xanthate.  They pointed out that rate of xanthate adsorption onto galena will 

compete with the rate of xanthate decomposition by sulphite.  Galena will be depressed by 

sulphite when the rate of xanthate decomposition exceeds the rate of xanthate adsorption.  Grano 

et al (1996) also studied the effect that an aeration stage had on xanthate decomposition by 

sulphite during the laboratory flotation of Mount Isa Mines Hilton ore.  It was determined that the 

addition of an aeration stage following sulphite addition, but prior to xanthate addition, increased 

the recovery of galena.  The addition of an aeration stage decreased the amount of unreacted 

sulphite in solution, therefore preventing interaction between xanthate and sulphite.  

 

 Grano et al (1997a) carried out an additional study involving the removal of sulphite 

species prior to xanthate adsorption, therefore making solution interaction between sulphite and 

xanthate impossible.  This allowed the effect of sulphite interaction with galena on the adsorption 

of xanthate to be studied.  When the interaction between sulphite and xanthate was eliminated, 

partial depression of galena was still observed in the presence of sulphite ions.  XPS examination 

of galena confirmed the presence of lead sulphite on the mineral surface.  It was proposed that the 

presence of lead sulphite on the mineral surface inhibited xanthate adsorption due to its reducing 



 

 

24 

properties.  It is hypothesized that the adsorption of xanthate onto galena is electrochemical in 

nature, therefore a reduction in the redox potential due to sulphite, will slow the adsorption of 

xanthate, therefore causing depression.  From these studies, it can be concluded that the 

depression of galena by sulphite is a result of the xanthate/sulphite and sulphite/galena 

interactions, as well as the oxidation state of the galena. 

2.5 Chelating Agents 

Chelating agents are a special class of compounds that are capable of linking with 

specific metal ions resulting in the formation of new, more stable structures.   According to Rao 

(2004), even before their chemistry was fully understood, they were used as flotation reagents.  In 

the early 20th century, they were used as collectors in various flotation processes. Corliss patented 

the use of the chelating agent alpha-napthyl amine as a collector for copper sulphides in 1917, 

and then in 1921 Perkins proposed the use of nitrogen containing chelating agents.  Once it was 

discovered that xanthates could be used as highly effective collectors, the use of chelating agents 

came to an end since they were more expensive.  However, a drawback to collectors, such as 

xanthates, typically used in flotation is that they are active towards whole classes of minerals, 

rather than specific minerals (Marabini et al, 2007).  This makes it difficult to separate a specific 

mineral when the ore deposit has a complex composition or is finely disseminated in nature.  In 

recent years the importance of chelating agents in flotation has been recognized as rich and 

medium grade ore deposits have been depleted, leading to the exploitation of complex deposits 

that are difficult to process (Pradip, 1988).   

 

A chelating agent must possess two or more electron donor atoms capable of forming 

coordinate bonds with a single metal ion at the same time (Bulatovic, 2007).  The species that 
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provide the donor atoms are referred to as ligands and are typically electronegative elements, 

such as sulphur, nitrogen, phosphorous and oxygen.  After the formation of the first coordinate 

bond, the electron donor atoms will bind in such a way that a complex ring structure is created 

around the metal ion.  This cyclic structure is commonly referred to as a chelate or chelation 

complex (Howard & Wilson, 2007).  The selectivity of a chelating agent is related to its stability 

constant, K.  The stability constant is influenced by the pKa of the chelating agent, the donor 

atoms, the central metal atom and substituents.  Therefore all of these factors will determine the 

strength and stability of the metal bond (Rao, 2004). 

2.5.1 Polyamine Chelating Agents 

Triethylenetetramine, TETA, and diethylenetriamine, DETA belong to a family of short-

chained polyamine chelating agents produced by reacting ethylene dichloride with ammonia.  The 

nitrogen atoms found in these particles act as the electron donor atoms, allowing the formation of 

coordinate bonds (Kelebek, 1995).  Figure 2-10 and Figure 2-11 represent the molecular structure 

of TETA and DETA respectively. 

 

Figure 2-10 TETA 

 

Figure 2-11 DETA 
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 Both DETA and TETA are capable of forming very stable complexes with heavy metal 

ions in solution, however TETA is a more powerful chelating agent than DETA (Rao, 2004).  

TETA is also slightly more expensive than DETA, but it has a lower vapour pressure.  This 

means that TETA would be more desirable to use on an industrial scale, as there would be less 

possibility of exposure to workers in a plant (Kelebek & Tukel, 1999).  Due to their ability to 

form chelates with metal ions in solution, both TETA and DETA have undergone extensive 

testing for mineralogical application. 

 

In mineral processing both DETA and TETA are used as selective depressants for 

pyrrhotite (Fe8S9) during the flotation of chalcopyrite (CuFeS2) and pentlandite ((NiFe)9S8) (Yoon 

et al, 1995).  The pyrrhotite found in these ores typically has a sulphur content of 40% and is 

nickelferrous, containing a variable nickel content that is typically less than 1%.  The pentlandite 

found in these ores contains up to 36% nickel and 33% sulphur and is 1-15 times less abundant 

than the pyrrhotite.  Based on these percentages, it is estimated that there is approximately 44 

times more sulphur associated with the pyrrhotite than the pentlandite, making pyrrhotite the 

major source of sulphur dioxide emissions.  Therefore the rejection of pyrrhotite at the milling 

stage is very important in order to reduce sulphur dioxide emissions (Kelebek & Tukel, 1999). 

 

In the past, mines have used many different methods to maximize pyrrhotite rejection, 

including magnetic separation to remove pyrrhotite from feed and concentrate streams, and 

raising the pH of the slurry to take advantage of the fact that pyrrhotite does not float well in 

alkaline media.  Although these approaches helped to increase pyrrhotite rejection, they also 

caused an increase in pentlandite loses, which lead to the research of alternative separation 

techniques.  A number of procedures, such as the use of cyanide as a depressant, nitrogen as the 
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flotation gas and reverse flotation of pyrrhotite, were proposed, however they either did not 

reduce pentlandite losses, or were too complex to implement (Bozkurt et al, 1999).  Studies 

carried out by Yoon et al (1995) examined pyrrhotite grains from the concentrates and tailings of 

copper-nickel ores using laboratory information management system, LIMS.  These tests revealed 

that the surface of the pyrrhotite had abnormally high levels of both nickel and copper.  The 

results for the tests for copper on the surface of pyrrhotite can be seen in Figure 2-12. 

 

Figure 2-12 LIMS Analysis of copper on the surface of pyrrhotite in the concentrate (), 

tailings (☐) and substrate () (Yoon et al, 1995)  

These results indicated that the pyrrhotite was being inadvertently activated by the copper and 

nickel ions in solution.  This prompted research into the use of polyamine chelating agents, such 

as DETA and TETA, as pyrrhotite depressants during copper-nickel separation. 
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Kelebek (1995) investigated the effectiveness of DETA as a depressant for pyrrhotite 

during copper-nickel flotation.  In the absence of a DETA, the recovery of pyrrhotite from 

copper-nickel ore was found to be quite significant, reaching up to 60%.  However when DETA 

was present in the system the pyrrhotite recovery was reduced to about 20%, as shown in Figure 

2-13.  While the pentlandite recoveries in the presence and absence of DETA remains essentially 

unchanged, indicating that the presence of DETA had no effect on the pentlandite in the system.  

Similar results can be seen for the chalcopyrite and pyrrhotite recoveries in the presence and 

absence of DETA in Figure 2-15.  The addition of DETA reduced the pyrrhotite recovery by 

threefold, while the recovery of chalcopyrite remained essentially unchanged, indicating that the 

DETA had no adverse effect on the chalcopyrite. 

  

 

Figure 2-13 Collectorless flotation selectivy of pentlandite and pyrrhotite in the absence and 

presence of DETA (Kelebek, 1995) 
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Figure 2-14 Collectorless flotation selectivity of chalcopyrite and pyrrhotite in the absence 

and presence of DETA (Kelebek, 1995) 

 

 Kelebek also examined the solution composition of the system in the absence and 

presence of DETA, the results are shown in Table 2-1.  From this table it is clear that the 

concentrations of nickel and copper are consistently higher in the presence of DETA than in its 

absence.  Furthermore, it can be seen that the concentration of iron remains low regardless of 

whether DETA is present in the system or not.  These results confirm the sequestering action of 

DETA on nickel and copper. 
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Table 2-1 Typical solution composition of samples in the absence and presence of DETA 

(Kelebek, 1995) 

 

 

Yoon et al (1995) conducted x-ray photoelectron spectroscopy (XPS) analysis to 

determine the method by which DETA was able to depress pyrrhotite.  Table 2-2 shows the 

resulting atomic ratios of different elements present on the pyrrhotite surface before and after the 

mineral was conditioned with various amounts of DETA.  Prior to treatment with DETA, the 

surface of the pyrrhotite contained significant amounts of Ni2+, Cu2+ and Ag2+ ions since these 

ions are capable of forming more insoluble sulfides than Fe2+ ions.  The amount of heavy metals 

present on the pyrrhotite surface decreased greatly after treatment in a 10-5 M DETA solution.  

The Ni2+ ions were removed completely at higher DETA concentrations, but small amounts of 

Cu2+ and Ag2+ ions were still present.  This is because both CuS and AgS are more 

thermodynamically stable than NiS, making them more difficult to remove through sequestration 

action.  It should also be noted that the XPS data did not show any significant changes in the 

N1(s) signal, indicating that DETA did not adsorb onto pyrrhotite.  Thus, the XPS results showed 

that DETA acts as a depressant for pyrrhotite by removing the heavy metal ions at its surface, 

meaning DETA could also be viewed as a deactivator.  Without the Ni2+ and Cu2+ ions on its 
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surface the pyrrhotite will not adsorb the collector, and its recovery will be reduced greatly 

(Yoon, Basilio, Marticorena, Kerr, & Stratton-Crawley, 1995). 

Table 2-2 Atomic ratios of Ni, Fe, Cu, Ag and N to S on pyrrhotite after various treatments 

(Yoon, Basilio, Marticorena, Kerr, & Stratton-Crawley, 1995) 

 

 

Tukel et al (2010) generated predominance area diagrams using the computer program 

SOLGASWATER to further illustrate the depressant action of DETA on pyrrhotite.  Figure 2-15 

shows an Eh-pH diagram that was generated for copper species in the presence of sulphur, ethyl 

xanthate (X) and DETA.  It can be seen that under reducing conditions at alkaline and acidic pH, 

cuprous ethyl xanthate (CuEX) is the expected hydrophilic solid phase.  Then under more 

oxidizing and high pH conditions a wide variety of copper-DETA chelates will be the stable 

species.  If no DETA were present in the system, it would be expected that those areas would be 

mainly occupied by cuprous ethyl xanthate, which would be converted to cupric xanthate upon 

oxidation.  Therefore in the absence of DETA and the presence of xanthate, the copper ions on 

the surface of pyrrhotite would form cupric xanthate, thus rendering the surface hydrophobic.  

However, as the concentration of DETA is increased relative to xanthate, copper xanthate will 
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convert into soluble copper DETA species, since they are thermodynamically more stable.  This 

will result in the depression of pyrrhotite through the loss of hydrophobicity.  

 

Figure 2-15 Eh-pH diagram for the copper-sulphur-ethyl xanthate-DETA system showing 

the predominance areas of various copper species, at total concentration of [Fe2+]=[HS-

]=[DETA]=1 x 10-3 M and [Cu2+]=[EX-]=1 x 10-5 M and a temperature of 25 C (Tukel et al, 

2010) 

 

As mentioned previously, TETA like DETA is capable of forming stable complexes with 

metal ions, however TETA is the more powerful chelating agent, as seen in Table 2-3.  Therefore 

when used as a depressant for pyrrhotite, TETA will also ensure that metal ions on the pyrrhotite 

surface are effectively inhibited from forming inadvertent activation products.   
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Table 2-3 Log K values (25ºC, I=0.1) of various metal chelates of DETA and TETA (Smith 

& Martel, 1974) 

 

 

The mechanism by which TETA deactivates pyrrhotite is similar to that of DETA and 

can be illustrated by examining the distribution of cuprous ethyl xanthate species as a function of 

Eh, shown below in Figure 2-16.  It is evident that as the concentration of TETA within the 

system increases, cupric xanthate becomes increasingly unstable.  All cupric ions that were 

previously present in the system, as cupric xanthate will be tied up as cupric-TETA chelates 

resulting in the loss of hydrophobicity.  Therefore, in the presence of TETA, pyrrhotite that has 

been inadvertently activated by copper ions will be deactivated. 

 

Figure 2-16 Variation of equilibrium distribution of cuprous ethyl xanthate with respect to 

relative increase in TETA concentration as a function of Eh (Tukel et al, 2010) 
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The success of DETA in the depression of pyrrhotite promoted the investigation into its 

use for the depression of other sulphide minerals suspected of being inadvertently activated by 

metal ions in solution.  Sui et al (1998) studied the use of DETA as a depressant for pyrite that 

had been accidentally activated by lead ions.  Cyclic voltammetry and Fourier Transform Infrared 

(FTIR) studies revealed that the addition of DETA suppressed the xanthate adsorption on Pb-

contaminated pyrite.  A decrease in open circuit potential accompanied by an increase in zeta 

potential following the addition of DETA determined that DETA is adsorbed onto pyrite in both 

the presence and absence of lead ions as shown in Figure 2-17 and Figure 2-18, respectively.  

This indicates that the depressant action for pyrite differs from that of pyrrhotite, since in the case 

of pyrrhotite DETA removes the metal ions from the surface, but is not directly present on the 

surface.  These results suggest that in the case of pyrite, DETA will interact with lead species on 

the pyrite surface forming a Pb-DETA complex that suppresses xanthate adsorption and offers 

competitive hydrophilic sites.  

 

Figure 2-17 Open circuit potential of clean and pb-contaminated pyrite in the presence and 

absence of DETA (Sui et al, 1998) 
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Figure 2-18 Zeta potential of clean and pb-contaminated pyrite in the presence and absence 

of DETA (Sui et al, 1998) 

 

Rashchi et al (2004) conducted experiments to study the ability of DETA to act as a 

depressant for sphalerite inadvertently activated by lead ions.  These experiments showed that the 

depressant action of DETA on lead contaminated sphalerite is similar to the lead contaminated 

pyrite case.  The addition of DETA causes a decrease in xanthate adsorption on the sphalerite, 

and zeta potential tests showed that DETA was able to adsorb onto both clean and contaminated 

sphalerite, as shown in Figure 2-19. 



 

 

36 

 

Figure 2-19 Zeta potential of clean and pb-contaminated sphalerite in the presence and 

absence of DETA (Rashchi et al, 2004) 
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Chapter 3 

Fundamental Studies 

3.1 Materials, Methods and Procedures 

3.1.1 Mineral Sample 

Pure galena was used for the micro-flotation and XPS studies that were conducted to 

examine the use of TETA as a reactivating agent for galena.  The galena was ground using mortar 

and pestle and screened to achieve -48 +65 mesh size fraction.  An X-Ray Diffraction (XRD) 

pattern for the galena is given in Figure 3-1.  

 

Figure 2-20 Results of X-Ray diffraction of galena used 
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 The X-Ray diffraction indicated trace amounts of the mineral bustamite, a calcium 

manganese inosilicate.  However, no other sulphides were detected in the galena, indicating that it 

would be suitable for fundamental studies. 

3.1.2 Reagents  

3.1.2.1 Micro-flotation and XPS Experiments 

 There was little variation in the reagents used between micro-flotation/XPS experiments.  

The type of collector, frother, pH regulator and reactivating agent were the same for all 

experiments.  The type of depressant used varied depending on whether the sulphite or 

dichromate collecting-depressing-reactivating system was being studied. 

 

 Collector:  5 x 10-3 M solutions of purified potassium ethyl xanthate (KEX) were used as 

the collector.  The xanthate solution was by dissolving weighed amount of purified KEX in 

destilled water.  Fresh KEX solutions were prepared each day to minimize possible 

decomposition over time.  The purification of KEX involved dissolving commercial grade KEX 

in acetone and precipitating it using petroleum ether (Rao, 1971).  The dissolution/precipitation 

process was repeated three times to produce pure KEX for micro-flotation and XPS experiments. 

 

 Frother:  0.1% solution of methyl isobutyl carbinol (MIBC) was used as the frother, and 

was prepared in a similar manner to the PEX and PAX solutions.  A MIBC concentrate was 

weighed and dissolved in distilled water in a volumetric flask. 
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 pH Regulators:  Solutions of dilute sodium hydroxide (NaOH) and sulfuric acid (H2SO4) 

were used to regulate the pH.  

 

 Reactivating Agent:  5 x 10-1 solutions of TETA were used as the reactivating agent.  The 

TETA used was of reagent grade and was obtained from Fisher Scientific.  The solutions were 

prepared by dissolving a weighed amount of concentrated TETA in distilled water.  Fresh TETA 

solution was prepared each day to minimize possible decomposition over time. 

 

 Depressants:  As previously state, two different depressants were used to depress the 

galena during the micro-flotation/XPS experiments.  5 x 10-3 M solutions of potassium 

dichromate and 5 x 10-1 M solutions of sodium metabisulfite (SMBS) were used to render galena 

hydrophilic.  The potassium dichromate was reagent grade and was obtained from.  The SMBS 

was reagent grade and was obtained from.  

3.1.2.2 Leach Experiments 

 Reagent grade TETA obtained from Fisher Scientific was used as the leachate and was 

prepared in a similar manner to the TETA used for the micro-flotation/XPS experiments.  The pH 

regulators used were the same as those used for the micro-flotation/XPS experiments.     

 

 The lead dichromate used was prepared by mixing aqueous solutions of potassium 

dichromate and lead acetate.  The potassium dichromate and lead acetate were reagent grade and 

obtained from BDH Chemicals Ltd. The solution was mixed on a hot plate until a light orange 
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precipitate formed.  The precipitate was filtered, dried and stored in a sealed container until use 

(Liang & Li, 2003).   

 

 The lead sulphite used was prepared by mixing aqueous solutions of lead acetate and 

sodium sulphite.  The sodium sulphite was reagent grade and was obtained from J.T Baker.  The 

solution was mixed until a white precipitate was formed.  The precipitate was filtered, dried and 

stored in a sealed container until use. 

 

 The lead sulphate and lead carbonate used were of reagent grade and were obtained from 

BDH Chemicals Ltd. 

3.1.3 Apparatus 

3.1.3.1 Micro-flotation Experiments 

Micro-flotation tests were carried out in a 50 mL modified Hallimond tube (Partridge & 

Smith, 1971).  The shaft of the micro-flotation cell is approximately 18 cm long and opens up 

into a rounded conical section for concentrate collection.  A fritted glass disk of medium porosity 

was located approximately 1 cm above the gas inlet.  A Teflon magnetic stirring bar from Fisher 

Scientific was used to agitate the cell.  Air was used to produce bubbles in the cell and the flow 

was regulated to a constant rate of 75 mL/min using a flow meter.  pH and ORP meters were 

placed in the cell before and after flotation to monitor pulp conditions.  A schematic of the micro-

flotation cell can be seen in Figure 3-2. 
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Figure 2-21 Schematic of modified Hallimond tube used for micro-flotation experiments 

3.1.3.2 XPS Experiments 

 XPS tests were carried out using the SPECSTM Hemispherical Energy Analyzer 

PHOIBOS 100/150 in a SPECSTM FlexMod system.  Spectra were recorded using the SpecsLab 

Prodigy data acquisition and experiment control software.  Spectra were analyzed using the 

CasaXPS processing software.   

3.1.3.3 Leach Experiments 

 Leach experiments were carried out in a 500 mL conical glass flask.  The flask was 

agitated using a Teflon magnetic stirring bar from Fisher Scientific.  pH and ORP meters were 
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placed in the cell to monitor leach conditions.  Samples were collected and filtered using a 

vacuum pump.  An Atomic Adsorption Spectrometer (AAS) was used to analyze the lead content 

of the samples obtained from the leach experiments. 

3.1.4 Procedure 

Three sets of tests were conducted: micro-flotation, XPS and leaching with a TETA solution of 

probable oxidation products involving lead. 

3.1.4.1 Micro-flotation Experiments 

 Each test was made up of four separate floats that were intended to model the various 

flotation stages of the industrial process.  The first flotation modeled the initial industrial copper-

lead flotation stage, where only collector is added.  The second flotation modeled the copper 

separation stage where galena is depressed, so both collector and depressant were present in this 

flotation.  The third flotation involved the addition of extra collector following the lead 

depression to see if additional collector alone could help increase recovery following depression.  

The final flotation involved that addition of TETA following depression to try and reactivate the 

galena.  For each flotation, approximately 1 g of galena was added to the flotation cell with 20 

mL of deionized water and stirred as the pH was adjusted to 9.  The galena was floated for 1 

minute and the concentrate was collected in the conical section of the flotation cell and 

transferred to a beaker.  Following the flotation the tailings were also collected in a beaker, both 

tailings and concentrate were then gravity filtered and allowed to dry at room temperature.  Once 

dry, the concentrate and tailings were weighed so that the recovery could be determined.  Reagent 

additions and conditioning times varied between each flotation and will be described in more 

detail below.   
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 For the first flotation, the galena was conditioned with collector for 3 minutes followed 

by 30 s conditioning with frother.  The pH was checked and re-adjusted following collector 

addition to ensure that flotation occurred at the target pH of 9.   

 

 For the second flotation, galena was again conditioned with collector for 3 minutes and 

the pH and ORP readings were taken.  Depressant was then added to the cell and conditioned for 

another 3 minutes followed by 30 s conditioning with frother.  The depressant added was either 

potassium dichromate or sodium metabisulfite, depending on the system being studied.  The pH 

was check and re-adjusted following depressant addition to ensure that flotation occurred at the 

target pH of 9.   

 

The third flotation was similar to the second flotation; the only difference being that 

additional collector was added with the frother.  The fourth flotation was similar to the second 

and third flotation; except that TETA was added after the depressant but before the additional 

collector and frother were added.  TETA was added following depression and conditioned for 3 

mintues.  The pH was check and re-adjusted following TETA addition to ensure that flotation 

occurred at the target pH of 9.   

3.1.4.2 XPS Experiments 

 Mineral samples were prepared for XPS using a modified version of the micro-flotation 

experiments described above.  Just as with the micro-flotation experiments, there were four 

experiments performed for both the dichromate and sulphite systems.  Micro-flotation 

experiments were performed two days prior to XPS experiments to allow time for the mineral to 

dry as part of required procedure.  To minimize oxidation of the mineral prior to XPS, the 
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concentrates and tailings were vacuum filtered and immediately placed in a vacuum desiccator to 

dry following flotation. 

 

 For XPS analysis, the mineral sample was secured on a sample holder using double-sided 

copper tape.  The sample holder was then placed into the loading chamber for approximately 12 

hours to achieve a vacuum pressure of 5 x 10-8 Pa.  The sample was then moved into the 

analytical chamber and the vacuum pressure was brought to approximately 5 x 10-9 Pa.  The X-

Ray tube was operated at 100 W using Mg Kα exciting radiation.   

 

Wide scans were collected for electron binding energy ranging from 1200 eV to 0 eV.  

High resolution scans for carbon, oxygen, sulfur, lead and chromate were also collected.  The 

peaks for the high resolution scans were chosen based on previous XPS studies done on the 

adsorption of xanthate onto galena (Laajalehto et al, 1992).  The XPS data was analyzed using the 

CasaXPS software and the Shirley background subtraction was used to fit the peaks.  The 

processed spectra were then imported into Microsoft Office Excel to be graphed. 

3.1.4.3 Leach Experiments 

 Four separate leach experiments were conducted using lead sulphate, lead sulphite, lead 

chromate or lead carbonate.  For each experiment 0.5 g of sample were placed in a 500 mL 

conical flask with 300 mL of deionized water and a magnetic stir rod.  The magnetic stir rod was 

set to 350 RPM and the pH of the solution was adjusted to 9.  An initial sample was taken, 

vacuum filtered and placed in a sample jar.  TETA was added to achieve a concentration of 1 x 

10-4 M within the flask.  Samples were taken every two minutes for a total of ten minutes; each 
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leach sample was immediately vacuum filtered and placed in a sealed container.  The samples 

were then analyzed for lead content using the AAS.  

3.2 Results and Discussion 

Results from the micro-flotation, XPS, and leach tests are presented and discussed in this 

section.  Only selected data is presented here, all raw data from the tests can be found in 

Appendix A. 

3.2.1 Sulphite System 

3.2.1.1 Micro-flotation Experiments 

 The micro-flotation behavior of pure galena was investigated to study the effectiveness of 

TETA as a reactivating agent when sodium metabisulfite is used as the depressant.  The resultant 

recoveries from the collecting, depressing, additional collector and reactivating floats are shown 

in Figure 3-3. 

 

Figure 2-22 Recoveries for the collecting, depressing, additional collector and reactivating 

flotation experiments when sodium metabisulfite was used as the depressant 
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 It is clear from Figure 3-3 that TETA is able to effectively reactivate the depressed galena 

and increase the recovery.  The recovery when TETA was added to the system in flotation #4 is 

three times that of flotation #2, where the galena was depressed, and two times greater than 

flotation #3, where additional xanthate was added.  Though the addition of TETA did 

significantly increase the recovery of galena, it was not restored completely.  When only xanthate 

was added to the system in flotation #1 the recovery was approximately 95%, the galena was 

almost completely recovered, however in flotation #4, when TETA was added following 

depression, the recovery was only 65%.   

 

 As determined by Shimoiizaka et al (1976), pulp oxygenation due to the entrainment air 

and the interaction of oxidized galena with sulphite ions, causes hydrophilic lead sulphite to form 

on the mineral surface preventing flotation. TETA is a powerful chelating agent known to form 

stable complexes with lead, and when added to depressed galena previously treated with xanthate 

and then sulphite it is believed to cause the lead sulphite to become increasingly unstable.  

Therefore, lead ions that were previously present in the system, as lead sulphite, will become tied 

up as lead-TETA chelates.  Both lead xanthate and lead sulphite are present on the galena surface 

prior to treatment with TETA, but the mineral is hydrophilic due to the higher concentration of 

lead sulphite.  Therefore the addition of TETA and subsequent removal of lead sulphite will alter 

the balance of hydrophobic to hydrophilic species on the galena surface, making the mineral 

hydrophobic again. 

 

It is also evident that the small amount of additional xanthate added in flotation #3 caused 

a slight increase in the recovery.  The addition of sodium metabisulfite in flotation #2 reduced the 
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galena recovery to approximately 18%, but a small amount of additional xanthate in flotation #3 

increased recovery to 35%.  This increase in recovery is not nearly as significant as the increase 

caused by the addition of TETA but it is still important to note.  As previously discussed in 

Section 2.4.2, the depression of galena by sulphite is due, in part, to the presence of air during 

conditioning and flotation stages, which results in oxygenation and oxidizing conditions that lead 

to the formation of lead sulphite on the mineral surface.   Lead sulphite is responsible for 

rendering the mineral surface hydrophilic.  However the formation of lead sulphite does not cause 

desorption of xanthate, therefore, even when the galena is depressed the xanthate originally added 

to the system will still be present on the mineral surface.  The formation of lead sulphite also does 

not completely inhibit the adsorption of xanthate onto the galena surface as shown by the research 

conducted by Shimoiizaka et al (1976).  Therefore, the addition of extra xanthate would result in 

the formation of more hydrophobic lead xanthate at the galena surface.  This would alter the ratio 

of hydrophobic lead xanthate to hydrophilic lead sulphite, causing a slight increase in the 

hydrophobicity in the lead, which would result in a small increase in recovery. 

 

Depression of galena by the sulphite ion is also due to the solution decomposition of 

xanthate by sulphite as demonstrated by Grano et al. (1997b).  Solution decomposition of 

xanthate by sulphite oxidative conditions exist in the flotation pulp, which is often the case for 

flotation.  Xanthate will still adsorb onto the galena in the presence of sulphite ions, but if the rate 

of xanthate decomposition is greater than the rate of adsorption, depression will occur.  

Depression due to xanthate and sulphite solution interactions is also dependent on conditioning 

times, as demonstrated by Pattison (1981).  When the xanthate is conditioned for an extended 

period of time in the presence of sulphite, the rate of xanthate decomposition will overcome the 

rate of xanthate adsorption.  However, when conditioning times are kept short, the rate of 
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xanthate decomposition will not overcome the rate of xanthate adsorption and flotation will be 

observed.  The additional xanthate added in flotation #3 was only conditioned for 30 seconds, this 

short conditioning time did not allow for much interaction between xanthate and sulphite ions in 

solution.  If the additional xanthate were conditioned for a greater period of time, the rate of 

xanthate decomposition would likely outweigh the rate of xanthate adsorption causing the effect 

of the additional xanthate to be negligible.   

3.2.1.2 XPS Experiments 

 XPS analysis was carried out to study the surface modification characteristics of galena 

throughout the flotation process and to gain a better understanding of the mechanism through 

which TETA is able to reactivate the galena.  The full XPS spectra of galena in the collecting, 

depressing, additional collector, reactivating system can be seen in Figure 3-4, and the elemental 

surface contents of galena, obtained using the SPECS Prodigy Software, can be seen in Table 3-1. 
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Figure 2-23 Full XPS Spectra of galena for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 

 

Table 3-1 Elemental surface contents of galena in each flotation when SMBS was used as 

the depressant (molar concentration, %) 

Flotation Stage Pb C O S 

#1 - Collecting 28.17 31.61 6.73 33.50 
#2 - Depressing 27.70 47.65 3.96 20.70 

#3 - Additional Collector 18.87 38.80 17.29 25.04 
#4 - Reactivating 15.26 46.05 21.35 17.34 
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 From Figure 3-4 it is evident that all characteristic peaks for the individual flotation 

experiments occur at the same binding energy, however the sizes of the peak vary between 

experiments.  This indicates that the atomic surface contents of carbon, sulfur, oxygen and lead 

are changing in each flotation; this is confirmed by the data in Table 3-1.  These changes signify 

that different compounds are forming on the galena surface as new reagents are added in each 

flotation experiment.  It is important to note that no nitrogen peak was detected in any for any of 

the flotations, indicating that TETA is not present on the galena surface.  This indicates that the 

mechanism through which TETA reactivates depressed galena is similar to the mechanism by 

which TETA depresses pyrrhotite, which was discussed in Section 2.5.1.  TETA will act as a 

reactivator for galena by converting the hydrophilic surface products such as lead sulphite species 

to aqueous lead-TETA species.  It is difficult to see the effects of collector, depressant and 

reactivator addition by looking at the data from the full XPS spectra, their effects are better 

shown in the high resolution Pb 4f scan in Figure 3-5. 
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Figure 2-24 High-resolution Pb 4f scan of galena for collecting, depressing, additional 

collector, reactivating system when SMBS was used as the depressant 

 

 From Figure 3-5 it can be seen that two lead compounds exist on the galena surface in 

flotation #1, as there are two Pb 4f peaks right next to each other.  The first Pb 4f peak has been 

identified as lead xanthate since it’s Pb 4f 5/2 and Pb 4f 7/2 peaks occurs at approximately 143 

eV and 138 eV respectively.  These values correspond with the Pb 4f peaks Laajalehto et al 

(1992) obtained for lead xanthate, which are shown in Figure 3-6.   
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Figure 2-25 High-resolution Pb 4f spectra for lead xanthate (Laajalehto et al, 1992) 

 

In Figure 3-5, it is evident that when the depressant, sodium metabisulfite, is introduced 

in flotation #2, the concentration of lead xanthate on the mineral surface decreases.  This decrease 

in lead xanthate correlates with the decrease in hydrophobicity experienced in flotation #2.  The 

decrease in lead xanthate on the galena surface was due in part to the solution interaction between 

sulphite and xanthate ions, which caused the decomposition of xanthate, and the formation of lead 

sulphite on the galena surface.  It is also evident that adding a small quantity of additional 

potassium ethyl xanthate in flotation #3 did little to restore the concentration of lead xanthate on 

the galena surface.  However, upon addition of TETA in flotation #4, the size of the lead xanthate 

peak increases once again.  It does not increase back to its original size though, which correlates 

with the micro-flotation recovery data discussed in Section 3.2.1.1.  This increase in lead xanthate 

peaks was likely due to the removal of lead sulphite by chelation/sequestration action of TETA, 

which would expose active sites for collector action.  
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3.2.2 Dichromate System 

3.2.2.1 Micro-flotation Experiments 

 The effectiveness of TETA as a reactivating agent when potassium dichromate was used 

as the depressant was also studied by conducting micro-flotation experiments.   The resultant 

recoveries from the collecting, depressing, additional collector and reactivating modes of floats 

are shown in Figure 3-7. 

 

Figure 2-26 Recoveries for the collecting, depressing, additional collector and reactivating 

flotation experiments when potassium dichromate was used as the depressant 

 

 The recoveries from flotation #1, flotation #2 and flotation #3 exhibit the same behavior 

as the micro-flotations carried out in section 3.2.1.1.  In flotation #1, when only xanthate was 

added to the system, galena recovery was nearly 100%, then upon addition of a depressant in 

flotation #2 recovery decreased dramatically.  This depression is due to the formation of 
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hydrophilic lead dichromate on the galena surface.  In flotation #3 the addition of a small amount 

of xanthate following depression resulted in a slight increase in recovery.  This slight increase in 

recovery is attributable to the fact that xanthate is still capable of adsorbing onto galena, even in 

the presence of dichromate.  Also, dichromate adsorbs irregularly onto the mineral surface, 

meaning that there will still be active sites for xanthate to adsorb onto.  Therefore, lead xanthate 

will form on the mineral, altering the ratio of hydrophilic to hydrophobic compounds, resulting in 

a small increase in recovery. 

 

It is clear that the recovery of flotation #4 in the dichromate system is very different than 

the recovery in the sulphite system.  When potassium dichromate is used as the depressant, TETA 

is unable to reactivate the galena and cause an increase in recovery.  In fact, it appears as though 

TETA may cause further depression in the system.  The same amount of potassium ethyl xanthate 

is present in flotation #3 and flotation #4, however the recovery has decreased in flotation #4.  

These results indicate that instead of chelating/sequestration of lead chromate as expected in a 

way similar to the case with sulphite, TETA is either dissolving or masking lead xanthate, 

resulting in further depression.  This is likely because lead chromate is more stable than lead 

xanthate, therefore when TETA is added to the system lead xanthate is expected to convert into 

soluble lead-TETA species.  

3.2.2.2 XPS Experiments 

 XPS analysis was carried out for the dichromate system in order to gain a better 

understanding of the interactions occurring at the mineral surface.  Specifically to examine at 

what stages xanthate and dichromate are present on galena in order to gain a better understanding 

of the role of TETA in the system.  The full XPS spectra for the four flotation stages can be seen 
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below in Figure 3-8 and the corresponding elemental surface contents for each stage can be seen 

in Table 3-2. 

 

Figure 2-27 Full XPS Spectra of galena for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 

 

Table 3-2 Elemental surface contents of galena in each flotation when potassium 

dichromate was used as the depressant (molar concentration, %) 

Flotation Stage Pb C O S Cr 

#1 - Collecting 28.17 31.61 6.73 33.50 0 
#2 - Depressing 12.71 41.12 29.92 13.86 2.399 

#3 - Additional Collector 10.41 25.52 24.45 38.01 1.599 
#4 - Reactivating 18.57 33.85 27.05 17.09 3.435 

 

  

Based on the full XPS spectra for each flotation stage it is clear that all characteristic 

peaks occur at the same binding energy and from the table of elemental surface contents it can be 
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seen that the concentrations of elements changes between flotation stages.  As with the sulphite 

system previously discussed, it is important to note that no nitrogen was detected on the galena 

surface.  This indicates that TETA is not adsorbed onto galena; it instead works by removing lead 

ions from the mineral surface.  

 

It is difficult to see the dichromate peaks in the full spectra analysis, so a high-resolution 

Cr 2p scan is presented in Figure 3-9.  From the high-resolution spectra and the information in 

Table 3-2, it can be seen that no dichromate is present on the galena in flotation #1, which makes 

sense since no potassium dichromate was added in flotation #1.  Then in flotation #2 it can be 

seen that there is a large increase in the molar fraction of dichromate present on the galena 

surface.  This corresponds to the micro-flotation data presented in Section 3.2.2.1 showing the 

depression of galena in flotation #2.  The slight decrease in dichromate concentration on the 

galena surface in flotation #3 also corresponds to the slight increase in recovery seen for flotation 

#3 in Section 3.2.2.1.  As previously discussed, the presence of dichromate does not inhibit the 

adsorption of xanthate on the mineral surface.  Therefore adding a small quantity of additional 

xanthate will result in a decrease in the percentage of dichromate as the amount of xanthate on the 

galena surface increases.  Then in the final flotation, when TETA is added to the system, there is 

an increase in the percentage of elemental dichromate on the mineral surface.  This also 

corresponds with the results from the micro-flotation tests in Section 3.2.2.1, since there was a 

decrease in recovery in flotation #4.  In the absence of TETA and the presence of additional 

xanthate in flotation #3, lead ions on the mineral surface will form lead xanthate, thus altering the 

ratio of hydrophobic to hydrophilic compounds and causing a slight increase in recovery.  

However, when TETA is added to the system in flotation #4, it is believed that the lead xanthate 

species present will convert into soluble lead-TETA species, as they are more stable than lead 
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xanthate.  This will decrease the concentration of xanthate on the mineral, therefore resulting in 

an increase in the molar fraction of dichromate present on the surface.  Thiswill also result in a 

loss of hydrophobicity, which will cause the recovery to decrease as seen in the previous section.  

 

Figure 2-28 High-resolution Cr 2p scan of galena for collecting, depressing, additional 

collector, reactivating system when dichromate was used as the depressant 

 

The lead xanthate in the system can be analyzed using the high-resolution Pb 4f scan 

shown in Figure 3-10.  It is evident that a lead xanthate peak is present in flotation #1, the Pb 4f 

5/2 and Pb 4f 7/2 peaks occur at approximately 138 eV and 143 eV.  These values correspond 

with the peaks determined by Laajalehto et al (1992) that are shown in Figure 3-5.  The presence 

of a lead xanthate peak is expected for flotation #1, since potassium ethyl xanthate is the only 

reagent, aside from frother, added.  It can then be seen that when dichromate is added to the 
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system in flotation #2, the lead xanthate peak decreases dramatically.  It should be noted that 

there does appear to be some lead xanthate still present on the galena surface based on the 

irregular shape of the other lead peak.  The decrease in the lead xanthate peak is due to the 

formation of lead dichromate on the mineral surface, seen in Figure 3-9.  This decrease in lead 

xanthate and increase in lead dichromate correlates with the decreased recovery shown in Section 

3.2.2.1.  In flotation #3, when additional xanthate was added following depression, it can be seen 

the lead xanthate peak appears to increase slightly, which may correspond with the slight increase 

in recovery experienced.  However in flotation #4, it appears as though lead xanthate is almost 

completely removed from the galena surface due to the addition of TETA.  The lead peak for 

flotation #4 in Figure 3-9 has less of an irregular shape on the left side where the lead xanthate 

peak would be, the peak appears to be much more symmetrical).  From the nearly symmetrical 

shape of the other lead peak in flotation #4, it appears that lead xanthate is at least partially 

removed from the galena surface.  This corresponds with the decrease in recovery for flotation #4 

seen in Section 3.2.2.1. 
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Figure 2-29 High-resolution Pb 4f scan of galena for collecting, depressing, additional 

collector, reactivating system when dichromate was used as the depressant 

   

3.2.3 Leach Experiments 

The leaching portion of this study was aimed at investigating the ease at which TETA 

could remove lead ions from lead species that could be present on the galena surface during 

flotation.  Results for leach tests carried out on lead chromate, lead sulphite, lead sulphate and 

lead carbonate using 1 x 10-4 M TETA are presented in Figure 3-11. 
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Figure 2-30 Leach experiments performed on lead chromate, lead sulphate, lead carbonate, 

lead sulphite using TETA at a pH of 9 

 

 As seen from Figure 3-11, lead ions are most easily leached from lead sulphate using 

TETA, since lead sulphate had the highest concentration of lead ions in solution after 10 minutes 

of leaching. This greatest solubility of lead sulphate in TETA solution correlates with the 

solubility constant of lead sulphate in water,  Ksp= 2.2 x 10-8 given by Clever and Johnston 

(1980).  Lead dichromate is responsible for depression when potassium dichromate is used in the 

system and lead sulphite is responsible when sodium metabisulphite is used.  Therefore 

examining the leaching behavior of these two compounds will give insight into the micro-

flotation and XPS results shown in Section 3.2.1 and 3.2.2.  It is clear, that lead dichromate is the 

most stable species, as it has the lowest concentration of lead ions in solution, reaching only 40 

mg/L.  Clever and Johnston (1980) list a Ksp value for lead chromate (PbCrO4) as 1.8x10-13.  In 
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addition, they also report solubility data for a hydroxyl lead chromate, (Pb[CrO4]0.5OH) which 

is less soluble (Ksp = 1.35x10-16). Since the pH is kept at 9 in the current investigation, 

formation of such an insoluble product is possible. Solubility of lead carbonate in water 

(Ksp = 7.4 x 10-14) also correlates with results of leaching.  Shimoiizaka et al (1976) list a 

Ksp value for lead sulphite of 8x10-12, which shows that lead sulphite is much less stable 

than lead chromate, as it reaches a lead concentration of approximately 100 mg/L, (more than 

double that of lead chromate).  This is in agreement with the micro-flotation and XPS results.  

Lead chromate is a relatively stable compound, therefore when TETA is added to the system only 

a small quantity of lead chromate will be complexed with TETA.  If another, less stable, lead 

species were present then TETA would remove lead ions from the less stable lead compound.  

This is why it is believed that TETA did not work as a reactivating agent when dichromate was 

used as the depressant.  When sodium metabisulfite was used as the depressant, lead sulphite was 

responsible for depression.  From the leach results it is clear that lead sulphite as a metastable 

hydrophilic surface product is more easily converted into aqueous lead-TETA species.  Therefore, 

when sodium metabisulfite was used to depress galena in its xanthate flotation, the addition of 

TETA resulted in the removal of lead sulphite, rendering the surface hydrophobic. 

3.3 Summary and Conclusions 

The ability of TETA to reactivate pure galena depressed using either sulphite or 

dichromate ions has been examined through the use of micro-flotation, XPS and leaching studies.  

Micro-flotation tests showed that the addition of TETA when galena was depressed using 

dichromate did not result in reactivation.   The addition of TETA actually appeared to cause a 

further decrease in the recovery of galena.  XPS and leach experiments were able to help reveal 

the reason for this and the mechanism through which TETA depressed galena.  The Pb 4f scan 
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and Cr 2p scan of the dichromate system showed that the addition of TETA increased the molar 

fraction of dichromate found on the galena surface, while simultaneously decreasing the fraction 

of lead xanthate.  Leach experiments showed that lead chromate (or its hydroxy derivative) is a 

relatively stable compound and lead ions are not easily removed by TETA.  Therefore, it can be 

concluded that in the dichromate system TETA is not capable of acting as an activator for the 

depressed galena.  

 

 When sulphite was used as the depressant in the flotation system, TETA was seen to play 

the opposite role.  Micro-flotation tests revealed that the addition of TETA following depression 

with sulphite ions resulted in an increase in galena recovery.  XPS and leach experiments were 

used to determine the mechanism by which TETA is able to act as a reactivator in the sulphite 

system.  XPS spectra collected for the system showed that the addition of sodium metabisulphite 

as a depressant resulted in a decrease in the Pb 4f lead xanthate peak.  However, when TETA was 

added to the system, the size of the lead xanthate peak increased dramatically.  From the leach 

experiments it was evident that lead sulphite was not a very stable species, lead ions from lead 

sulphite were easily converted into lead-TETA species.  Therefore, TETA was able to act as a 

reactivator by converting lead sulphite into aqueous lead-TETA species, while leaving the more 

stable lead xanthate species on the galena surface.  This altered that balance of hydrophilic to 

hydrophobic material on the mineral surface, rendering the mineral surface hydrophobic and 

restoring the recovery in the presence of residual xanthate.   
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Chapter 4 

Bench Scale Flotation Studies 

4.1 Materials, Methods and Procedures 

4.1.1 Mineralogy 

Samples of copper-lead-zinc ore from Ocean Partners’ the KZ mine in Turkey and the 

Brunswick mine in New Brunswick, Canada were used for the bench scale flotation experiments 

to examine the use of TETA as a reactivating agent for galena.  The KZ ore was used for the 

majority of the experiments as it had a higher lead grade and contained a relatively small amount 

of iron sulphide.  The Brunswick Mine ore is much more complex than the KZ ore, due to its 

finely disseminated nature, high iron content and low lead grade. The lead content for both ores 

came from galena, the copper content came mainly from chalcopyrite, zinc was present in the 

form of sphalerite and the iron content came mainly from chalcopyrite and pyrite.  Due to the low 

lead content of the BM ore, additional lead had to be added in order to conduct flotation 

experiments.  50 g of pure galena, was added prior to grinding in the rod mill.  The galena added 

to the charges was coarse in size (-10 +42).  The head grades for the KZ ore, the BM ore and the 

modified BM ore can be seen below in Table 4.1. 

Table 4-1 Head Grades for Ore Samples used for Bench Scale Flotations  

Ore 
Head Grade 

Pb (%) Cu (%) Zn (%)  Fe (%) 

KZ 3.58 3.98 16.40 6.85 

BM  1.00 0.30 7.00 28.00 

BM + 50 
g pure 
galena 

5.80 0.30 7.00 28.00 
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In comparison with the KZ ore sample, the complex Brunswick ore sample had about 4 times 

more iron, which is attributable to presence of iron sulphides, mostly pyrite and some pyrrhotite. 

4.1.2 Reagents 

There was little variation in the reagents used for the flotation tests.  The collectors, 

frother, reactivating agent, pH regulator and sphalerite depressant were constant for all 

experiments, while two different depressants were used for galena. 

 

 Collectors:  0.1% solutions of potassium ethyl xanthate (PEX) were used to collect 

chalcopyrite and galena in the bulk copper-lead separation stage, chalcopyrite in the copper 

separation stage and galena in the lead reactivation stage.  These solutions were prepared by 

dissolving weighed amounts of granulated PEX in distilled water.  Fresh collector solution was 

prepared before each batch test to minimize possible decomposition of collector over time.  The 

granulated PEX was always stored in the freezer to minimize decomposition.  0.1% solutions of 

potassium amyl xanthate (PAX) were used to collect sphalerite.  These solutions were prepared in 

a similar manner to the PEX solution by dissolving weighed amounts of granulated PAX in 

distilled water.  As in the case of PEX, a fresh solution of PAX was prepared before each batch 

test to avoid degradation of collector due to aging.  The granulated PAX was stored in the freezer 

to minimize decomposition. 
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 Frother:  0.1% solution of methyl isobutyl carbinol (MIBC) was used as the frother, and 

was prepared in a similar manner to the PEX and PAX solutions.  A MIBC concentrate was 

weighed and dissolved in distilled water in a volumetric flask. 

 

 Reactivating Agent:  0.5% solution of triethylenetetramine (TETA) was used to test its 

potential as a reactivating agent.  The TETA used was of reagent grade and was obtained from 

Akzo Nobel.  The solutions were prepared by dissolving a weighed amount of concentrated 

TETA in distilled water.  A fresh TETA solution was prepared each day of testing as part of 

standard procedure. 

 

 pH Regulator:  Lime was used to the raise the pH of the pulp.  Weighed amounts of lime 

were added to the rod mill with subsequent additions during the test to maintain the required pH.   

 

 Depressants:  Zinc sulfate was used as a depressant for sphalerite in all flotation 

experiments.  Weighed amounts of zinc sulfate were added to the rod mill to ensure sphalerite 

was depressed during the bulk copper-lead float.  As stated previously, two different depressants 

were used to depress the galena during the copper separation stage.  Potassium dichromate and 

sodium metabisulfite (SMBS) were used to render galena hydrophilic.  For both depressants, 

weighed amounts were added to the flotation pulp during the copper flotation stage.   

4.1.3 Apparatus 

Grinding was performed in a Denver laboratory rod mill made of mild steel with 14 kg of 

both mild and stainless steel rods.  The mill was filled with water containing dissolved lime 
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between the experiments in order to prevent oxidation of the mild steel parts.  If this was not 

done, the mill and media were given a silica grinding for about 5 minutes just before actual tests.   

 

Bench scale flotation tests were carried out in 2L and 500mL Denver cells using a 

Denver laboratory flotation machine.  When the 2L cell was used the agitation speed was set to 

1200 RPM, and later on in the experiment when the 500mL cell was used the agitation speed was 

reduced to 900 RPM.  Bench pH and ORP meters were used placed in the cells to monitor pulp 

conditions during conditioning and flotation.  A schematic of the bench scale flotation set up can 

be seen in Figure 4-1. 

 

Figure 2-31 Bench scale flotation apparatus 

 



 

 

67 

The recovered concentrates were vacuum filtered and dried in the oven at 250ºC, while 

tailings were pressure filtered and then dried in the oven at the same temperature.  A pulveriser 

was used to fine grind coarse samples before assaying. 

 

An Atomic Adsorption Spectrometer, AAS, was used to analyze the metal ion content of 

the tails and concentrates, specifically the copper, lead, zinc and iron content.  An ELTRA 

combustion analyzer was used to determine the carbon and sulphur content of the concentrates 

and tailings. 

4.1.4 Procedure 

3.1.4.1 KZ Ore 

Prior to flotation, the ore charge was loaded into the rod mill with a measured amount of 

tap water to make a 65% solids pulp.  Weighed amounts of zinc sulfate, sodium cyanide (when 

necessary), lime, and 0.1% potassium xanthate solution were also added to the mill prior to 

grinding.  Grinding was carried out for 15 minutes, which produced a K80 value of 76 microns 

(see Appendix for size distribution data).  After grinding, the contents of the mill were transferred 

to a 2 L flotation cell and the mill was thoroughly washed to ensure no or minimal sample losses.  

The pulp level of the cell was increased to a suitable height for flotation through the addition of 

water.  The pulp was aerated for 5 minutes while pH and Eh measurements were taken.   

 

Each experiment consisted of three flotation stages; bulk copper-lead flotation, copper-

lead separation and lead reactivation.  The bulk copper-lead flotation was carried out in the 2 L 

Denver cell following aeration.  It was conducted over five concentrate stages with varying 
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reagent dosages.  PEX and MIBC were added as 0.1 wt % solutions.  The first concentrate was 

allowed 2 minutes conditioning time, followed by 1 minute flotation time.  The subsequent 

concentrates all had 1 minute conditioning times, followed by 1 minute flotation times.  All froth 

products was collected at 30 strokes per minute and all concentrates were collected directly into a 

500 mL Denver to be used in the copper-lead separation stage.  The tailings were filtered and 

dried in the oven.   

 

Following the completion of the bulk copper-lead float, the pulp level of the 500 mL 

Denver cell was increased to a suitable height for flotation.  The copper-lead separation stage was 

conducted over six concentrate stages with varying reagent dosages.  For the first concentrate 

only the depressant, either potassium dichromate or SMBS, was added to the pulp and 

conditioned for 3 minutes, followed by a 30 second flotation.  PEX, MIBC, and a depressant, 

either potassium dichromate or SMBS, were added in varying ratios to all subsequent 

concentrates.  The second concentrate was allowed 2 minutes conditioning time, followed by a 30 

second flotation.  The subsequent concentrates all had 1 minute conditioning times, followed by 1 

minute flotation times.  The concentrates were collected and dried in the oven and the tailings 

were used for the lead reactivation stage. 

The lead reactivation stage was conducted over four concentrate stages with varying       

dosages of TETA, PEX and MIBC.  The first concentrate was allowed 1 minute conditioning 

time, followed by a 30 second flotation.  All subsequent concentrates were allowed 1 minute 

conditioning time, followed by 1 minute flotation times.  All concentrates and tailings were 

filtered and dried in the oven. 



 

 

69 

Dried concentrates and tailings were weighed before being analyzed for metal, carbon 

and sulphur content.  To analyze the metal content, approximately 400 mg of concentrate and 700 

mg of tailings were dissolved in aqua regia and analyzed using the AAS.  To determine the 

carbon and sulfur content, approximately 90 mg of concentrate and tailings were placed in the 

ELTRA combustion analyzer.   

3.1.4.2 BM Ore 

Several modifications were made to the procedure when the BM ore was used in place of 

the KZ ore.  The ore charge was ground in the rod mill for 25 minutes, and then 50 g of pure 

galena was added to the mill and ground for an additional 5 minutes, to give a total grind time of 

30 minutes.  The K80 value for the BM sample was 50 microns (see Appendix for size 

distribution). The bulk copper-lead flotation stage was only conducted over four concentrate 

stages with varying reagent dosages.  The first concentrate was allowed 2 minutes conditioning 

time, followed by 1 minute flotation time.  The subsequent concentrates all had 1 minute 

conditioning times, followed by 1 minute flotation times.  The copper-lead separation stage was 

conducted over four concentrate stages.  For the first concentrate only the depressant, either 

potassium dichromate or SMBS, was added to the pulp and conditioned for 3 minutes, followed 

by a 30 second flotation.  PEX, MIBC, and a depressant, either potassium dichromate or SMBS, 

were added in varying ratios to all subsequent concentrates.  The second concentrate was allowed 

2 minutes conditioning time, followed by a 30 second flotation.  The subsequent concentrates all 

had 1 minute conditioning times, followed by 1 minute flotation times.  All other aspects of the 

procedure were identical to the procedure used for the KZ ore.   
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4.2 Results and Discussion 

Results from the bench scale flotation tests are presented and discussed in this section.  

Only selected recovery data is presented here, all raw data from the bench scale flotation tests and 

metallurgical balances can be found in Appendix B. 

4.2.1 Sulphite System 

4.2.1.1 Flotation Selectivity 

In order to evaluate whether TETA could successfully be used as a reactivating agent for 

galena in complex copper-lead-zinc ores, an initial test was performed using the high grade KZ 

ore.  Results for the copper separation stage are shown in Figure 4-2. 

 

 

Figure 2-32 Recoveries in the copper separation stage when SMBS was used as the 

depressant 
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 As expected, the lead, in the form of galena, is nearly completely depressed by the 

addition of sodium metabisulphite in the copper separation stage.  This is attributed to the 

formation of lead sulphite at the galena surface, rendering the mineral hydrophilic.  Most of the 

zinc was removed in the copper-lead bulk float that was performed prior to the copper separation, 

however any zinc left in the system is depressed with the galena.  This is because sodium 

metabisulfite is also an effective depressant for zinc.  As expected, the copper recovery in the 

system is very high, reaching nearly 97%, with a high grade of approximately 33%, shown in 

Figure 4-3.  This high grade of copper concentrate was attributed to presence of some chalcocite 

in the KZ ore, which is known to highly floatable.  It should also be noted that the recovery of 

iron appears to be high in the copper separation stage, this is iron is most likely coming from 

chalcopyrite (CuFeS2), as the majority of the pyrite was removed with the sphalerite in the initial 

bulk copper-lead flotation.  

 

Figure 2-33 Copper grade vs. recovery curve when SMBS was used as the depressant 
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Following the copper separation stage, TETA was added to the system to reactivate 

galena so that it could be floated.  The effect of TETA addition on galena and associated minerals 

flotation is shown in Figure 4-4. 

 

 

Figure 2-34 Recoveries in the galena reactivation stage when SMBS was used as the 

depressant 

 

 From Figure 4-4 it is evident that the bench scale tests correspond with the fundamental 

studies discussed in Chapter 3.  Upon the addition of TETA, lead, previously depressed using 

sodium metabisulfite, reaches a final recovery of approximately 96.5%.  TETA is added to the 

system at 0 min, 0.5 min, 1.5 min, and 2.5 min.  The recovery of lead increases with each addition 



 

 

73 

of TETA, until it reaches a steady state at the 1.5-minute mark.  In the copper separation stage 

when no TETA is present in the system, it is believed that the major part of the galena surface 

would be covered in lead sulphite.  Lead xanthate would still be present on the galena surface, 

since lead sulphite does not cause the desorption of xanthate, however the ratio of lead xanthate 

to lead sulphite would be such that the mineral would be hydrophilic.  Then, in the galena 

reactivation stage, as the concentration of TETA is increased in the system lead ions previously 

fixed on the mineral surface as lead sulphite would be converted to soluble lead-TETA species.  

This would alter the ratio of hydrophilic to hydrophobic material on the mineral surface in favour 

of hydrophobicity thus resulting in the flotation of galena.  Furthermore, the removal of lead 

sulphite would expose active sites on the galena surface for collector action, further increasing the 

hydrophobicity of the galena with a little additional PEX input.  It is also important to note that 

the iron (i.e., iron sulphides such as pyrite) is largely depressed compared to the case at the 

copper flotation stage.   

 

 It can also be seen from Figure 4-4 that the sequential addition of TETA also resulted in 

an increase in the zinc and copper recoveries.  The majority of the zinc, in the form of sphalerite, 

was removed during the bulk copper-lead flotation, however the zinc remaining in the system 

reached a final recovery of approximately 25%.  The majority of copper and iron, in the form of 

chalcopyrite, was removed from the system during the copper separation, the copper remaining in 

the system reached final recovery of 50%.  TETA is capable of forming stable complexes with 

several heavy metals, including copper and zinc.  Therefore, TETA will most likely reactivate 

zinc and copper in the same manner it reactivates galena.  Sphalerite will be depressed during the 

copper separation stage by sodium metabisulfite due to the formation of hydrophilic zinc sulphite 

on the mineral surface (Pattison, 1983).  Upon the addition of TETA this layer of hydrophilic zinc 
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sulphite will likely be removed by TETA in a similar manner to lead sulphite.  Alternatively, 

flotation of residual sphalerite and chalcopyrite may be attributable to their mineralogical 

association with other minerals co-floating simultaneously.  

 

4.2.1.2 Effect of Depressant Dosage 

The SMBS dosage was varied in order to study the effect that depressant dosage has on 

the selectivity of the copper separation stage and the lead reactivation stage.  Specifically to 

assess whether depressant dosage affects the role of TETA in the system.  The low dosage of 

SMBS was 750 grams per ton of ore; this dosage was increased by 25% to get a high dosage of 

938 grams per ton of ore.  The dosages of potassium ethyl xanthate, MIBC, and TETA were held 

constant for all experiments.  These experiments were carried out using the high grade KZ ore.  

Figure 4-5 shows the results from the tests comparing the effect of SMBS dosage on the copper 

separation stage. 

 

Figure 2-35 Effect of SMBS dosage on the copper separation stage with all other reagent 

dosages held constant 
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It is clear from Figure 4-5 that higher dosages of SMBS resulted in faster kinetics for 

copper and iron in the first three concentrates.  As expected, lower dosages of SMBS resulted in 

faster kinetics for lead, in the form of galena.  An important observation in the copper separation 

stage is that the final recoveries of copper, iron and zinc show virtually no variation and appear to 

be unaffected by the SMBS dosage amount.  On the contrary, the floatability of lead is affected 

by a change in SMBS dosage.  When greater quantities of SMBS were present in the system, the 

recovery of lead decreased.  When 750 g/t of SMBS was added to the system, the final recovery 

of lead was approximately 20%, but when 938 g/t of SMBS was used recovery decreased twofold 

to approximately 10%.  Considering that the depression of galena by the sulphite ion is due to the 

formation of lead sulphite on the galena surface, increasing the depressant dosage will cause an 

increase in sulphite ions, resulting in the formation of more lead sulphite on the galena surface.  

Based on results of the related previous research reviewed in the literature section, lead xanthate 

will still be present on the galena surface, but the formation of additional lead sulphite will alter 

the ratio of hydrophobic to hydrophilic material on the mineral surface, further decreasing the 

recovery of galena.   
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Figure 2-36 Effect of SMBS dosage on the lead reactivation stage with all other reagent 

dosages held constant 

 

Figure 4-6 illustrates the effect of SMBS dosage on the galena reactivation stage, when 

greater dosages of SMBS were used the total recovery of galena appeared to decrease slightly, 

however this difference is almost negligible.  It should be noted that greater quantities of SMBS 

resulted in faster kinetics and a higher recovery for the first galena concentrate.  Copper 

recoveries and kinetics appeared unaffected by changes in the SMBS dosage in the lead 

reactivation stage.  The recovery of zinc was affected by SMBS dosage in a similar manner to 

galena.  Higher dosages of SMBS helped to depress the zinc in the system, when 938 g/t SMBS 

was added to the system the zinc recovery only reached 10%.  When the low dosage of SMBS 

was used the zinc recovery was much greater, reaching approximately 25%.   
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Figure 2-37 Effect of SMBS dosage on the grade-recovery curve for lead 

 

The effect of depressant dosage on the reactivation of galena can be further illustrated by 

examining the grade-recovery curve of lead in Figure 4-7.  It is clear that the grade-recovery 

curve for the low dosage SMBS shows better performance than the high dosage experiment.  The 

recovery of the first concentrate for the high dosage experiments is greater, reaching close to 90% 

while the recovery of the first concentrate for the low dosage experiments is only a little over 

70%.  However the grade of the first concentrate for the 750 g/t SMBS experiments is greater, 

approximately 71% while the 983 g/t experiment only reaches 65%.  It should also be noted that 

the second, third and fourth low dosage experiment exhibit both higher recoveries and higher 

grades than the high dosage experiments.  As previously discussed, higher SMBS dosages result 

in greater galena depression due to the formation of more hydrophilic lead sulphite on the galena 

surface.  When added, TETA will still convert lead sulphite into lead-TETA species, however the 

same quantity of TETA is added in both systems.  This means that TETA will remove the same 

amount of lead sulphite in both systems, but more lead sulphite will be present at a depressant 
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dosage of 938 g/t SMBS.  Therefore at higher depressant dosages there will be a decrease in 

galena recovery.  Zinc reactivation will be affected in the same manner as galena reactivation by 

an increase in depressant dosage, since the mechanism by which TETA reactivates zinc, in the 

form of sphalerite, is apparently similar to the method by which it reactivates galena.  

  

4.2.1.3 Effect of Ore Grade 

Two different copper-lead-zinc ore samples were used to test whether ore grade had an 

effect on the reactivation of galena through the use of TETA.  The high-grade ore was from the 

KZ mine in Turkey, and the low-grade ore was from the Brunswick Mine in Canada.  The results 

from the copper separation stage can be seen in Figure 4-8.  

 

Figure 2-38 Effect of ore grade on the copper separation stage 
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 Due to the low grade of the BM ore, only four concentrates were collected in the copper 

separation stage, while six concentrates were collected when the high grade KZ ore was used.  It 

is evident that both copper and iron recovery have slower kinetics and decreased recoveries for 

the low grade BM ore.  The recoveries of lead are similar for the high and low-grade ores, the 

recovery for the fourth concentrate in each case is approximately 5%.  The overall recovery for 

the KZ ore is 10%, but this is because two extra copper concentrates were collected.  The results 

for the galena separation stage are shown in Figure 4-9.  

 

Figure 2-39 Effect of ore grade on the lead reactivation stage  

 

 From Figure 4-9 it is evident that TETA is able to reactivate the galena previously 

depressed using sodium metabisulphite in both the high-grade KZ ore and the low-grade BM ore.  

There is a slight decrease in recovery when the BM ore is used, lead recovery only reaches 

approximately 83%, whereas it reaches close to 95% for the KZ ore.  This difference in recovery 

is attributable to the highly disseminated nature of the BM ore and its high content of iron 
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sulphide gangue material, which makes it difficult to achieve good separation and recovery.  The 

effect of ore grade can be further illustrated by examining the lead grade-recovery curves 

presented in Figure 4-10. 

 

Figure 2-40 Effect of ore grade on the grade-recovery curve for lead 

 

 From the grade-recovery curves in Figure 4-10 it is evident that the grade-recovery curve 

for the high-grade KZ ore shows better results than the low-grade BM ore.  The KZ ore achieves 

a final recovery of about 95%, whereas the final recovery for the BM ore is only about 83%.  

Also the grade of the KZ ore is much better, ranging from 70%-60%, whereas the BM ore ranges 

from 62%-47%.  These differences in grade and recovery are to be expected since the low-grade 

ore contains more gangue material, and the head grade of the BM ore is lower than that of the KZ 

ore.  However it should be noted that in both cases the addition of TETA is able to effectively 

reactivate the galena that was previously depressed using sulphite ions.  In both cases, the higher 

the concentration of TETA in the system, the more lead sulphite is converted into lead-TETA 



 

 

81 

species.  Thus more of the mineral surface is exposed for collector action, and the ratio of lead 

sulphite to lead xanthate on the mineral surface is altered, rendering the mineral hydrophobic.  

Therefore ore grade does not affect the actual mechanism through which TETA is able to 

reactivate galena.  

 

4.2.2 Dichromate System 

4.2.2.1 Flotation Selectivity 

 The initial hypothesis was that TETA could be used to reactivate galena previously 

depressed using dichromate ions by at least partially removing the hydrophilic surface product 

formed on it.  However, based on the fundamental studies discussed in Chapter 3, it became 

evident that TETA would not be helpful in restoring floatability. In fact, it appeared to induce 

further hydrophilicity.  Bench scale flotation experiments were carried out to investigate the 

function of TETA when used on complex copper-lead-zinc ores.  An initial test was carried out 

using the high grade KZ ore and dichromate as the depressant and the results for the copper 

separation stage are shown in Figure 4-11. 
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Figure 2-41 Recoveries in the copper separation stage when dichromate was used as the 

depressant 

 

 As expected, lead, in the form of galena, is greatly depressed by the addition of potassium 

dichromate during the copper separation stage, reaching a final recovery of about 6%.  Just as 

when SMBS was used as a depressant for galena, copper and iron reached recoveries of 

approximately 95%.  Just as with the SMBS system, the copper grade is very high between 31% 

and about 34% for the most part, as shown in Figure 4-12. The fact that copper concentrate grade 

from a complex sulphide ore is so high is related to presence of a small amount of chalcocite. 

Also, since pyrite is well depressed together with sphalerite in the previous stage, the amount of 

pyrite in the feed to copper separation stage is too small to downgrade the copper concentrate.  

The high iron recovery in the copper separation stage is most likely iron from chalcopyrite, but it 

could be related to pyrite interlocked with chalcopyrite or another copper-iron sulphide mineral. 

These points require clarification and confirmation by QEMSCAN (Quantitative Evaluation of 

Minerals by SCANning electron microscopy) study using instruments such as mineral liberation 
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analyser.  Most of the zinc, in the form of sphalerite, was removed from the system in the bulk 

copper-lead flotation stage, however the sphalerite remaining does not appear to be depressed by 

dichromate addition. This is probably because this fraction is well activated by Pb(II) or Cu(II) 

beforehand and the presence of a small amount of residual xanthate in slurry triggered flotation of 

this sphalerite.  Note that  when SMBS was used as the depressant, sphalerite was  less floatable 

in the copper separation stage, but when dichromate is used sphalerite recovery reaches nearly 

70%, indicating that dichromate is not a good an effective deactivator/depressant for sphalerite 

compared to sodium metabisulphite that has the advantage of a greater acidic function at least 

locally However, even the level of 70% zinc recovery does not cause a significant drop in the 

copper concentrate grade since the amount of zinc in the feed was marginal. 

 

Figure 2-42 Copper grade vs. recovery curve when dichromate was used as the depressant 

 

 Following the copper flotation stage, TETA was added to the system to test its effects on 

galena flotation, the results are shown in Figure 4-13. 
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Figure 2-43 Recoveries in the lead reactivation stage when dichromate was used as the 

depressant 

  

It is clear from Figure 4-13 that the results of the bench scale tests using dichromate 

correspond with the fundamental studies carried out in Chapter 3.  The kinetics for lead, in the 

form of galena, are very slow and the overall recovery is very low, not even reaching 5%.  Just as 

with the micro-flotation tests, the addition of TETA increase the hydrophilicity of the galena.  

Under the conditions of complex slurry chemistry,  the lead dichromate (or possibly another 

derivative involving hydroxy lead chromate) formed on the galena surface is probably more 

stable than the lead xanthate on the surface although there is no direct evidence for this.  

Therefore the addition of TETA may cause destability of residual hydrophobicity involving lead 

xanthate or adsorption of chelated TETA to induce a hydrophilic character on the surface, thereby 

altering the ratio of hydrophobic to hydrophilic surface species on the galena surface, making the 

surface even more hydrophilic.  Even though TETA did not function as anticipated when 
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dichromate was used as the depressant, the addition of TETA still helped to concentrate galena in 

the copper tails.  The depression of any remaining gangue iron sulphides is also to be expected at 

this stage since TETA is used industrially as a depressant/deactivator for pyrrhotite.  The addition 

of TETA causes the removal of any non-ferrous heavy metals on the pyrite surface that could 

result in its deactivation, therefore causing depression.  Furthermore, since TETA is a strong 

chelating agent for non-ferrous metals, its addition will cause the accumulation of ferrous species 

on the pyrite surface, rendering the mineral hydrophilic. A recent study by Agorham et al (2014) 

provides some details on diethylentriamine (DETA) depression of Cu-activated pyrite in xanthate 

flotation. TETA is expected to function in a similar way, possibly more effectively as it can 

sequester copper (II) as a potential activating metal site more effectively. 

  

4.2.2.2 Effect of Depressant Dosage 

The potassium dichromate dosage was varied in order to study the effect that depressant 

dosage has on the role of TETA in the system.  The low dosage of potassium dichromate was 140 

grams per ton of ore; this dosage was increased approximately five fold to get a high dosage of 

750 grams per ton of ore.  The dosages of potassium ethyl xanthate, MIBC, and TETA were held 

constant for all experiments.  These experiments were carried out using the high grade KZ ore.  

The results for the copper separation stage are shown in Figure 4-15. 
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Figure 2-44 Effect of Dichromate dosage on the copper separation stage with all other 

reagent dosages held constant 

 

Just as with the SMBS tests discussed in Section 4.2.1.2, it appears as though depressant dosage 

has little effect on the final recoveries of copper and iron, however it does affect the kinetics.  It is 

interesting to note from Figure 4-14 that the effect depressant dosage has on the recovery of 

sphalerite.  From Figure 4-14 it is also clear that both copper and iron exhibit faster kinetics at 

higher depressant dosages.  This increase is likely due to the fact that galena is more hydrophilic 

at higher depressant dosages, meaning that there is less competition for collector, resulting in 

faster kinetics.  Depressant dosage appears to have little effect on the depression of galena, on 

both cases lead recovery only reaches approximately 5%. 

  

The effect that dichromate dosage has on the lead reactivation stage is shown in Figure 4-

15.  Dosage does not appear to have a huge effect on galena recovery in the system, at lower 

dichromate dosages, galena recovery is only 1% higher.  It is interesting to note the effect that 
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depressant dosage has on zinc, copper and iron. In the copper separation stage, depressant dosage 

had little effect on zinc, copper and iron recoveries; in the lead reactivation stage low dosage 

caused increased recoveries. However, the recovery levels of iron are still on the low side in the 

25%-35% range.  The recovery levels of copper and zinc are much higher, copper recovery 

ranges from 20-60% and zinc recovery is close to 90%.  However, zinc, copper and iron do not 

report to the feed of this stage in significant quantities, therefore their recovery level do not have 

a big impact on the lead grade-recovery. Nevertheless, considering that TETA is the main reagent 

used in this stage and its dosage is the same in both cases of dichromate dosage, it can be 

assumed that zinc, copper, and iron experienced less oxidation during the dichromate treatment at 

the dosage of 140 g/tonne. Thus, its extent of reactivation and flotation was relatively greater at 

the same TETA dosage compared to the other case involving a larger dosage of dichromate (i.e., 

750 g/tonne).  In general, zinc, in the form of sphalerite, and copper, in the form of chalcopyrite, 

were not the main minerals of interest studied in this thesis, since their quantities were small at 

the stage of lead separation. Previous work done by Kelebek (1996), has shown the effects that 

TETA and the related polyamine chelating agent DETA, have on chalcopyrite. However, a more 

in depth study of sphalerite would need to be performed in relation to use of TETA and other 

depressants. 
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Figure 2-45 Effect of Dichromate dosage on the lead reactivation stage with all other 

reagent dosages held constant 

 

 The effect of depressant dosage on lead recovery can be further illustrated through the 

grade-recovery curves shown in Figure 4-16. 



 

 

89 

 

Figure 2-46 Effect of dichromate dosage on the grade-recovery curve of lead 

 

 The grade-recovery curves for both the high and low depressant dosages have the same 

similar values; both curves have recoveries reaching about 3%.  Recoveries and grades appear to 

be slightly higher for the high dosage tests, however the grade and recovery only increase by 1-

2%, making these changes insignificant. 

 

4.2.2.3 Effect of Ore Grade 

The effect that ore grade had on the reactivation of galena through the use of TETA was 

tested for the dichromate system.  The high-grade ore was from the KZ mine in Turkey, and the 

low-grade ore was from the Brunswick Mine in Canada.  Six copper concentrates were collected 

for the high-grade ore, but only four could be collected for the low-grade ore.  The results from 

the copper separation stage are shown in Figure 4-17. 
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Figure 2-47 Effect of ore grade on the copper separation stage  

 

 It is evident that both copper and iron recovery are greatly affected by the grade of the 

ore.  When the KZ ore was used, about 97% recovery was achieved, however when the BM ore 

was used the recoveries only reached 20%.  The kinetics are also significantly slower for the low-

grade ore.  This decrease in kinetics and recovery is due to the low head grades of the BM ore and 

its mineralogical complexity. In view of poor recoveries, it can be concluded that the dichromate 

depression system was too detrimental for mineral separation from such a low grade (e.g., Cu @ 

0.3%) following a fine grinding, which apparently introduced a significantly higher level of iron 

contamination from grinding mill/media (grinding time of 30 minutes for the BM ore vs 15 

minutes for the KZ ore). Depression of lead, in the form of galena in the second stage, on the 

other hand, is nearly identical for both the high and low-grade ore; the recovery does not reach 
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10% in either case.  The final BM concentrate and fourth KZ concentrate reach recoveries of 

approximately 5%, and the final KZ recovery only reaches about 8%.   

 

Figure 2-48 Effect of ore grade on the lead reactivation stage  

 

 The effect that ore grade has on the lead reactivation stage can be seen by examining 

Figure 4-18.  It is interesting to note that the copper recoveries for the BM ore in the galena 

reactivation stage are greater than the recoveries for the KZ ore.  Copper recovery for the BM ore 

reaches approximately 40%, whereas it only reaches 20% for the KZ ore.  This difference is 

likely due to the highly disseminated nature of the BM ore, which made it more difficult to 

achieve high recoveries in the copper separation stage.  It is also interesting to note that the zinc 

recovery was much higher for the KZ ore than the BM ore.  However, as previously mentioned, 

this high zinc recovery had little effect on ore grade-recoveries because there was very little zinc 

reporting to the galena reactivation stage.  The majority of the zinc was removed from the system 
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in the initial copper-lead bulk flotation.  For both ore grades, galena is still depressed following 

the addition of TETA.  The galena recovery for the BM ore is slightly higher, reaching 

approximately 8%, while the galena recovery of the KZ ore only reaches about 3%.  These 

changes are all very minimal, and overall TETA does not appear to be affected by ore grade.  The 

effect ore grade has on galena recovery can be further illustrated by examining the lead grade-

recovery curves presented in Figure 4-19. 

 

Figure 2-49 Effect of ore grade on the lead grade-recovery curve  

 

 From Figure 4-19, it is again shown that recovery is slightly higher for the BM ore, 

however there is not a significant increase in the recovery.  Also the lead grades for the BM ore 

and the KZ ore are very similar.  Based on this information, it is clear that the ore grade has little 

effect on the galena reactivation stage when dichromate is used as the depressant.  In both cases, 

galena is not activated by the addition of TETA.   
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4.3 Possible Impact on Flotation Practice 

The flowsheet used for the bench scale experiments discussed in Sections 4.2.1 and 4.2.2 

can be seen below in Figure 4-20.   

 

Figure 2-50 Flowsheet for Bench Scale Tests 

 The flowsheet shown in Figure 4-20 looks very similar to the typical differential flotation 

flowsheet used for treating copper-lead-zinc sulphide ores, shown in Figure 1-1 in Chapter 1.  

The main differences between the flowsheets are that cleaning stage were not included for the 

bench scale experiments.  This was due in part to the fact that the KZ ore was used for the 

majority of the experiments, and it is a very high grade ore.  Cleaning stages were also not 

included, as the purpose of this thesis was to determine whether TETA could affectively 

reactivate galena depressed using either sulphite or chromate ions, not to optimize the process.   

 

The similarities between the flowsheet shown in Figure 4-20 and Figure 1-1 would make 

the integration of a lead reactivation stage into current processes relatively simple and 



 

 

94 

inexpensive.  Especially when compared to the reverse flotation circuits that were employed in 

the past.  A flowsheet for the reverse flotation process used at the Brunswick Mine in the 1970s 

and 1980s was shown in Figure 2-1 in Chapter 2.  This flowsheet was significantly different from 

the typical flowsheet shown in Figure 1-1, making the process complex and costly.  This 

flowsheet also required heating the slurry to high temperatures to depress galena and float pyrite, 

further adding the complexity and cost of the process.  With the addition of cleaning stages, the 

proposed flowsheet could be integrated into current flowsheets much easier than the reverse 

flotation flowsheet. 

4.4 Summary and Conclusions 

Bench scale studies were carried out to investigate that TETA could selectively reactivate 

galena in complex copper-lead-zinc ores once it has been depressed through the use of either 

sodium metabisulfite or potassium dichromate.  The results from the bench scale studies were 

consistent with the results from the fundamental studies carried out in Chapter 3.  When galena 

was depressed using sodium metabisulfite, TETA acted as a reactivating agent in the system.  The 

addition of TETA caused lead sulphite that forms on the galena surface to be converted into 

aqueous lead-TETA species, therefore removing hydrophilic species from the mineral surface and 

causing an increase in recovery.   

 

When dichromate ions were used to depress galena, TETA was found to be incapable of 

reactivating galena. The addition of TETA did not result in an increase in recovery; it actually 

appeared to cause the galena to be depressed further, causing it to be concentrated in the tailings 

since part of the sphalerite was removed by flotation during this stage.  The incapability of TETA 

to at least partially restore floatability of galena in the dichromate system was attributed to a 
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greater degree of oxidation induced and hydrophilic stability of the galena surface. These findings 

are in agreement with results of XPS and solubility tests discussed earlier. 

 

 The effects of depressant dosage and ore grade were also studied in this Chapter.  In both 

the dichromate and sulphite systems, lower dosages of depressant resulted in increased lead 

grades and recoveries.  This is expected, since lower dosages mean that there will be less 

hydrophilic products formed by the action of metabisulphite and dichromate at the galena surface, 

thus the ratio of hydrophobic to hydrophilic material will be altered such that recoveries are 

increased slightly.  Based on the studies carried out using high-grade KZ ore and low-grade BM 

ore, it was evident that ore grade had little effect on TETA reactivation of galena.  The grade does 

not affect the mechanism by which TETA is able to either reactivate or deactivate galena.  Thus, 

TETA reactivation of galena by previously depressed by metabisuphite is expected to work in 

other types of complex Cu-Pb-Zn sulphide ores.  
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Chapter 5 

Conclusions and Recommendations 

5.1 Summary 

This thesis presented analyses on the ability of TETA to reactivate galena previously 

depressed through the use of either potassium dichromate or sodium metabisulphite.  It was 

hypothesized that the addition of TETA would cause the species responsible for depression, either 

lead chromate or lead sulphite, to be converted into aqueous lead-TETA species, leaving only 

hydrophobic lead xanthate on the mineral surface, which is known to be the hydrophobic entity 

for galena.  Fundamental studies for the chromate and sulphite systems were presented in Chapter 

3, and bench scale flotation studies were presented in Chapter 4.  It was found that the sulphite 

system was in agreement with the hypothesis; lead sulphite known as the major hydrophilic 

product on galena was removed by TETA, leaving hydrophobic lead xanthate on the mineral 

surface.  The dichromate system, on the other hand, was not in agreement with the hypothesis, 

TETA was not able to remove lead dichromate or any other possible hydrophilic product such as 

hydroxyl lead chromate from the mineral surface, and so galena remained depressed.  

5.2 Sulphite System 

Micro-flotation and XPS experiments were carried out to determine whether TETA was 

capable of reactivating pure galena previously depressed by sulphite ions.  The depression 

mechanism was attributed to the formation of a lead sulphite, as determined by Shimoiizaka et al 

(1976) through the use of x-ray diffraction, this product is known as a relatively insoluble 

hydrophilic material. It was determined that the addition of TETA following depression caused a 

substantial increase in galena recovery.  The high-resolution Pb 4f scan of the galena surface on 
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the XPS spectra showed that the lead xanthate concentration on the mineral surface decreased or 

masked upon the addition of sodium metabisulphite, but was sufficiently exposed following 

treatment with TETA.  Supplemental leach experiments also indicated that lead sulphite as a 

metastable phase is relatively unstable in the presence of TETA as a chelating agent, so it was 

easily leachable from the galena surface.  These fundamental studies indicated that, as 

anticipated, the addition of TETA most likely caused the conversion of relatively insoluble lead 

sulphite into soluble lead-TETA species, thus exposing the mineral surface for collector action in 

the presence of xanthate in small amount.  The results of the bench scale experiments on the 

samples of Cu-Pb-Zn complex sulphides were in agreement with the fundamental studies.  When 

TETA was added to the system, following its depression during the copper separation stage, the 

galena was made hydrophobic and re-floatable.  From the bench scale tests it was found that ore 

grade had little effect on the reactivation of galena through the use of TETA.  However the 

depressant dosage did influence reactivation, higher dosages of depressant resulted in the 

formation of more lead sulphite on the mineral surface, which could not be entirely removed by 

TETA, resulting in a lower recovery. 

5.3 Dichromate System 

Micro-flotation and XPS experiments carried out using pure galena indicated that the role 

of TETA in the dichromate system was quite different in that it appearedto add to hydrophilicity 

of the surface, rather than causing a reversal from hydrophilicity to hydrophobicity.  XPS spectra 

also supported this point of view since it indicated emergence of no peaks indicative of collector 

action.  The chromate concentration from the full scan increased upon the addition of TETA, 

while the high-resolution Pb 4f scan showed a decrease in lead xanthate concentration.  

Therefore, it may be concluded that TETA in combination with chromate species induce 
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conditions to further remove residual hydrophobicity instead of converting lead dichromate into 

soluble TETA species.  The supplemental leach experiments also supported this theory, indicating 

that lead dichromate was stable and not easily leached by TETA.  Results from the bench scale 

tests confirmed that TETA did not play the role of a reactivator when dichromate was used as the 

depressant.  In the bench scale tests, the addition of TETA following galena depression caused 

the galena to be concentrated in the tailings.  It was again found that ore grade had little effect on 

the results, and additional depressant resulted in lower lead grades and recoveries, just as with the 

sulphite system. 

5.4 Recommendations for Future Studies 

The objectives of this thesis were met and the tests conducted provide insight into the 

mechanism through which TETA either reactivates galena or causes further depression with 

either sulphite or chromate ions.  Based on the research discussed in this thesis, there are a 

number of potential areas for further study.  The following lists presents recommendations for 

future studies that could be conducted: 

 Investigate the effect of TETA dosage on the reactivation/deactivation of galena. 

 Investigate leachability of synthetic lead ethyl xanthate with TETA in the 

absence and presence of chromate/dichromate ions 

 Investigate the pH dependence of TETA reactivation/deactivation. 

 Generate Eh-pH diagrams to gain a better understanding of the stability of lead 

species on the galena surface in relation to use of metabiusulphite,-TETA and 

chromate/dichromate-TETA in the absence and presence of ethyl xanthate. 
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 Perform contact angle measurements to gain a better understanding of the 

transitions from hydrophobicity to hydrophilicity and vice versa under various 

conditions involving the use of these reagents.  

 Perform fundamental studies to determine whether TETA can also be used as a 

deactivator/reactivator for sphalerite in complex sulphides. 
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Appendix A 

Fundamental Studies Raw Data 

Micro-flotation Tests  

Table A-1 Micro-flotation Results for Dichromate Experiments 

 

*All measurements of redox potential referred to in this table as eH actually refer to silver/silver 

electrode as the reference electrode 

 

 



 

 

106 

Table A-2 Micro-flotation Results for SMBS Experiments 

 

*All measurements of redox potential referred to in this table as eH actually refer to silver/silver 

electrode as the reference electrode 

CasaXPS Output 
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Table A-3 Wide scan XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 
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Table A-4 Lead XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 

 

 

Table A-5 Carbon XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 
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Figure A-1 Full XPS Spectra of carbon for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 

 

Table A-6 Sulfur XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 
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Figure A-2 Full XPS Spectra of sulfur for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 

Table A-7 Oxygen XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 
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Figure A-3 Full XPS Spectra of oxygen for collecting, depressing, additional collector, 

reactivating system when SMBS was used as the depressant 
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Table A-8 Wide scan XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 
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Table A-9 Lead XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 

 

Table A-10 Chromium XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 
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Table A-11 Carbon XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 

 

 

Figure A-4 Full XPS Spectra of carbon for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 
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Table A-12 Sulfur XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 

 

 

Figure A-5 Full XPS Spectra of sulfur for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 
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Table A-13 Oxygen XPS Spectra data for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 
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Figure A-6 Full XPS Spectra of oxygen for collecting, depressing, additional collector, 

reactivating system when dichromate was used as the depressant 

Leaching Tests Raw Data 

Table A-14 Lead concentration for leaching tests using 5 x 10-4 M TETA as the leachate 
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Appendix B 

Bench Scale Flotation Reports and Metallurgical Balances 

Table B-1 Test 1 bulk Cu-Pb flotation report 
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Table B-2 Test 1 Cu-Pb separation stage flotation report 

 

Table B-3 Test 1 Pb reactivation stage flotation report 
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Table B-4 Metallurgical table for Test 1 
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Table B-5 Test 2 bulk Cu-Pb flotation report 
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Table B-6 Test 2 Cu-Pb separation stage flotation report 

 

Table B-7 Test 2 Pb reactivation stage flotation report 
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Table B-8 Metallurgical table for Test 2 
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Table B-9 Test 3 bulk Pb-Cu flotation report 
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Table B-10 Test 3 Cu-Pb separation stage flotation report 

 

Table B-11 Test 3 Pb reactivation stage flotation report 
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Table B-12 Metallurgical table for Test 3 
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Table B-13 Test 4 bulk Pb-Cu flotation report 
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Table B-14 Test 4 Cu-Pb separation stage flotation report 

 

Table B-15 Test 4 Pb reactivation stage flotation report 
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Table B-16 Test 4 Pb reactivation stage flotation report 
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Table B-17 Test 5 bulk Pb-Cu flotation report 
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Table B-18 Test 5 Cu-Pb separation stage flotation report 

 

Table B-19 Test 5 Pb reactivation stage flotation report 
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Table B-20 Metallurgical table for Test 5 
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Table B-21 Test 6 bulk Pb-Cu flotation report 
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Table B-22 Test 6 Cu-Pb separation stage flotation report 

 

Table B-23 Test 4 Pb reactivation stage flotation report 
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Table B-24 Metallurgical table for Test 6 
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Table B-25 Test 7 bulk Pb-Cu flotation report 
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Table B-26 Test 7 Cu-Pb separation stage flotation report 

 

Table B-27 Test 7 Pb reactivation stage flotation report 
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Table B-28 Metallurgical table for Test 7 
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Table B-29 Test 8 bulk Pb-Cu flotation report 

 



 

 

140 

Table B-30 Test 8 Cu-Pb separation stage flotation report 

 

Table B-31 Test 8 Pb reacativation stage flotation report 
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Table B-32 Metallurgical table for Test 8 
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Table B-33 Test 9 bulk Pb-Cu flotation report 
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Table B-34 Test 9 Cu-Pb separation stage flotation report 

 

Table B-35 Test 9 Pb reactivation stage flotation report 
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Table B-36 Metallurgical table for Test 9 
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Table B-37 Test 10 bulk Pb-Cu flotation report 
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Table B-38 Test 10 Cu-Pb separation stage flotation report 

 

Table B-39 Test 10 Pb reactivation stage flotation report 
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Table B-40 Metallurgical table for Test 10 
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Table B-41 KZ ore sample:  Size distribution after 15 minutes of grinding in the lab 

grinding mill 

Sieves Sieve size 
Wt. 

Retained 
Wt. 

Retained 
Wt. 

Retained 
Wt. 

Passing 

(mesh) (m) (g) Cum. (g) Cum. (%) Cum. (%) 

28 600 0.24 0.24 0.07 99.93 

48 300 2.1 2.34 0.71 99.29 

65 212 19.81 22.15 6.77 93.23 

150 106 8.92 31.07 9.49 90.51 

325 45 109.45 140.52 42.92 57.08 

500 25 149.21 289.73 88.50 11.50 

-500 10 37.65 327.38 100.00   

  327.38    

 

Table B-42 BM ore sample:  Size distribution after 30 minutes of grinding in the lab 

grinding mill 

Sieves Sieve size 
Wt. 

Retained 
Wt. 

Retained 
Wt. 

Retained 
Wt. 

Passing 

(mesh) (m) (g) Cum. (g) Cum. (%) Cum. (%) 

28 600 2.12 2.12 1.38 98.62 

48 300 0.82 2.94 1.91 98.09 

65 212 1.62 4.56 2.96 97.04 

150 106 1.87 6.43 4.17 95.83 

325 45 31.88 38.31 24.86 75.14 

500 25 110.98 149.29 96.89 3.11 

-500 10 4.79 154.08 100.00   

  154.08    

 



 

 

149 

 

Figure B-1 Cumulative % passing with respect to sieve size 
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