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Meriveden valjastaminen käyttöön rikastamojen prosessivetenä on noussut ajankohtaiseksi aiheeksi 2010-

luvulla. Makeiden vesivarojen arvo nousee sitä mukaa, kun veden tarve kasvaa globaalisti. Makeasta 

vedestä on muodostunut kriittinen elementti erityisesti niille kuiville alueille sijoittuville teollistuneille 

maille, joille ainoa saatavilla oleva veden lähde on merivesi tai suolainen pohjavesi. Yhä useammat kuivissa 

maissa toimivat kaivosprojektit käyttävät toiminnoissaan suolapuhdistettua merivettä, kun osa näistä 

projekteista käyttää prosessivetenään raakaa merivettä. 

Tämän diplomityön tarkoituksena oli selvittää kupari-molybdeenimalmin vaahdottamisen haasteet, kun 

väliaineena käytetään merivettä. Työn kokeellisessa osuudessa keskeisessä osassa olivat 

laboratoriomittakaavan esivaahdotuskokeet, joissa prosessivetenä hyödynnettiin synteettistä merivettä. 

Kokeet toteutettiin Outotecin tutkimuskeskuksen rikastuslaboratoriossa Porissa. Malminäytteenä käytettiin 

porfyyri kupari-molybdeenimalmia, joka toimitettiin Sierra Gordan esiintymästä Chilestä. 

Kaksi esivaahdotus-koesarjaa suoritettiin synteettisessä merivedessä ja hanavedessä. Ensimmäisessä 

vaiheessa meriveden vaikutusta vaahdotukseen tutkittiin vertaamalla erityyppisten kokoojien tehokkuuksia 

samankaltaisissa vaahdotusolosuhteissa. Toisen vaiheen tarkoituksena oli suorittaa vaahdotuskokeita 

synteettisessä merivedessä ja hanavedessä lisäten vaihtelevia määriä kalkkia, jolloin tarkastelun kohteena 

olivat lietteen pH-luku, sekä vaikutukset kuparin, molybdeenin ja rikin saanteihin. 

Kuparin saanti pysyi likimäärin samalla tasolla kummassakin väliaineessa. Merivedessä kalkin tarpeen 

havaittiin lisääntyneen huomattavasti verrattuna hanaveteen, jonka lisäksi molybdeenin saanti laski 

merivedessä voimakkaasti, kun pH nostettiin yli 9.5. Kalkin kulutuksen lisääntyminen johtui meriveden 

puskurointikyvystä, jonka katsottiin aiheutuvan pääasiassa meriveden karbonaattisysteemistä, boorihappo-

boraatti tasapainosta sekä Mg2+ ionin konsentraatiosta. Molybdeenin saannin laskun todettiin mahdollisesti 

johtuvan magnesiumista, joka muodostaa merivedessä kohonneessa pH:ssa kompleksisia 

magnesiumhydroksidi-ioneja sekä kiinteää magnesiumhydroksidia, joiden on todettu muokkaavan 

molybdeniitin luonnollista hydrofobisuutta. 

Kokeellisen osuuden tulokset viittaavat siihen, että pyriitin painaminen kalkilla on ristiriitaista, jos 

vaahdotus toteutetaan merivedellä. Kuparin ja molybdeenin saannit saadaan hyvälle tasolle 

esivaahdotuksessa sillä ehdolla, että suurempi pitoisuus pyriittiä hyväksytään rikasteeseen. Sen vuoksi 

pyriitin erottaminen kertausvaahdotuksessa voi olla ongelmallista, sillä kertauksessa sovelletaan 

esivaahdotusta korkeampaa pH:ta. 

Kupari-molybdeenimalmin vaahdotus merivedessä vaatii uudenlaisen menetelmän, jolla pyriittiä voidaan 

painaa tehokkaasti perinteistä menetelmää alhaisemmassa pH:ssa. Sopivia ratkaisuja on jo kehitetty, jotka 

voivat mahdollisesti poistaa ongelman. Niin kutsuttu AMBS käsittely vaikuttaa lupaavalta, sillä sen on 

todettu parantavan molybdeenin saantia merivedellä vaahdotettaessa ilman, että kalkkia tarvitaan lisätä 

pyriitin painamiseksi. 
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Seawater usage in mineral processing has become a fairly topical issue in the 2010’s. The deficit of fresh 

water grows meanwhile the demand rises globally. Fresh water is a critical component, especially in many 

industrialized arid countries, where only available water source can be seawater or highly saline 

underground water. Currently many mining operations in water-scarce countries are utilizing desalinated 

seawater as process water, while few of them are using direct seawater. 

The aim of this Master’s thesis was to gain more understanding of the faced challenges in the Cu-Mo ores 

froth flotation in seawater. In the experimental work, synthetic seawater was utilized as process water in the 

laboratory rougher flotation tests. Tests were conducted in Outotec Research Center at mineral processing 

laboratory in Pori. The ore sample was porphyry Cu-Mo ore, which was delivered from north Chilean 

deposit Sierra Gorda. 

Two rougher flotation test series were conducted in synthetic seawater and tap water. In the first phase, the 

effect of using seawater as process water was investigated by using different type of collectors. The object 

of the second phase was to conduct flotation tests in synthetic seawater and tap water with varying dosages 

of lime, and observe the effects on pH, and on the recoveries of copper, molybdenum and sulfur. 

Recovery of copper maintained almost the same level in both mediums. However, lime consumption was 

observed to be increased significantly under flotation conditions in synthetic seawater. In addition, the 

floatability of molybdenum was affected negatively above the pH 9.5. The major cause for the buffering 

effect of seawater was studied to be due to the carbonate system, the boric acid-borate equilibrium and the 

concentration of Mg2+. Recovery reduction of molybdenum was suggested to occur due to the magnesium 

hydroxide complexes and magnesium hydroxide precipitates, which began to form in seawater in higher pH 

levels. These species have been claimed to affect negatively on the natural hydrophobicity of molybdenite. 

The experimental work showed that the conventional flotation of Cu-Mo ore conducted in seawater has 

serious conflicts, when pyrite is depressed with lime. Results indicate that rougher flotation of the Cu-Mo 

ore carried out in seawater gives sufficient recoveries for copper and molybdenum, at the expense of 

accepting large pyrite content in the froth. Hence, the difficulty of depressing pyrite will be problematic in 

the cleaning flotation, where higher pH levels are applied. 

Seems that the Cu-Mo ores flotation in seawater is in the need for a new kind of method that would depress 

pyrite without lime. A few solutions have already been developed, which can probably suppress the 

problem. A promising new method, named AMBS treatment, is not requiring lime to depress pyrite, and it 

has shown good metallurgical results for molybdenite, when flotation is conducted in seawater. 
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1 INTRODUCTION 

Froth flotation is a versatile technique for separating fine mineral particles from 

other undesired minerals. With varying success, flotation has been an extensively 

studied unit process in the field of mineral processing technologies. The complex 

nature of froth flotation chemistry has not been fully understood properly yet it is 

an important invention in the mineral processing sector, and often part of the 

enrichment process chains. Over the 100 years of its history, froth flotation 

technology has allowed the beneficiation of diverse and low-grade ores which 

may have otherwise been categorized as uneconomic ore bodies. From the very 

beginning, flotation was developed to beneficiate ores containing copper sulfides, 

lead and zinc. Today flotation is applied for a wide range of ores such as gold, 

platinum, nickel in addition with oxides, oxidized minerals and non-metallic ores. 

(Wills 2006, 267) 

The expression “the quality of today’s feed is yesterday’s tailings” reflects the 

state in the modern-day mining business. The excavated ores become more 

difficult to process and even the process water becomes more impure. This is due 

to a fact that most valuable deposits are primarily dug up and mines are moving 

into more and more difficult terrain. Availability of fresh water will be 

challenging in many areas, in which case the use of seawater, underground saline 

water, and recycling of the process water in mineral processing operations might 

be the only sustainable solutions for both ecological and economical reasons. 

The major object of this Master’s thesis was to understand the challenges that the 

complex chemistry of seawater brings on the froth flotation of a copper-

molybdenum ore. The effect of dissolved salts in the Cu-Mo ore flotation was 

studied in the theory part, and in the experimental part, the composition of 

synthetic seawater in the laboratory was studied. The synthetic seawater was 

utilized as process water in the flotation tests. 

The ore sample was delivered from a pilot facility located in Santiago, Chile. The 

ore was a porphyry Cu-Mo ore excavated from the Sierra Gorda deposit. Two 

rougher flotation test series were carried out in synthetic seawater and tap water. 



 

2 

 

In the first phase, the effect of using seawater as process water was investigated 

by using different type of collectors. The object of the second phase was to 

conduct flotation tests in synthetic seawater and tap water with varying dosages of 

lime, and observe the effects on pH and on the recoveries of copper, molybdenum 

and sulfur. 
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THEORY 

The basic chemistry of froth flotation in fresh water is studied in the section 2: 

principles of froth flotation. After the fundamentals, the attention is drawn to the 

characteristics of Cu-Mo ore, and on the common flotation and separation 

techniques used for the copper minerals and molybdenite. Ion contents of fresh 

water and seawater are being compared in the section 4: composition of process 

waters. Seawater management and circulation at the mill site is discussed in the 

section 5: the use of seawater as process water, and the effect of salts on froth 

flotation performance of Cu-Mo ore is studied in the section 6: froth flotation in 

seawater. 

2 PRINCIPLES OF FROTH FLOTATION 

Three phases take place in the flotation system. Solid phase is in the form of 

mineral particle, liquid phase is the water and gaseous phase is the air bubbles. 

These phases and their physical and chemical interactions form the fundamentals 

of flotation process. (Wills 2006, 267) 

Ore which is carried out to flotation must first be ground to certain size and blend 

in water to produce a suspension. In froth flotation, air bubbles and mineral 

surfaces are selectively attaching together in aerated pulp. Mineral attaching to air 

bubble has to be hydrophobic and respectively the gangue minerals have to be 

hydrophilic in order to be retained in the slurry. The recovery of valuable particles 

is assisted by the addition of various flotation chemicals. Collector is the most 

important reagent, while its primary task is to adsorb on the mineral particles to be 

recovered and to leave gangue minerals in hydrophilic form. Some minerals are 

naturally hydrophobic, such as molybdenite, sulfur, talc and coal. They can be 

floated even in the absence of collector chemical. (Hukki 1964, 318, Lukkarinen 

1987, 18) 

In the flotation cell, the suspension comprised of water and minerals is mixed 

strongly. Small fine bubbles are then generated in the suspension by blowing air 

into the bottom of the vessel. In the pulp, hydrophobic minerals attach to air 

bubbles, as shown in Figure 1. Bubbles rise to froth layer, and are thereafter 
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washed to concentrate launder. Minerals rise from the pulp to the froth phase, 

when the combined specific weight of mineral particle and air bubble is smaller 

than specific weight of water. (Hukki, 1964, 317, Lukkarinen, 1987, 18) 

 

Figure 1. Hydrophobic solid particle attached to air bubbles in the pulp. 

 

2.1 Recovery of Minerals in the Froth 

Gangue is not always possible to separate completely from valuable minerals by 

froth flotation. All type of minerals are transferred from slurry to the froth and 

back by different kind of mechanisms. The primary mechanisms recovering 

material from the pulp are called true flotation, entrainment and physical 

entrapment. These are illustrated in the Figure 2. The main mechanism of 

transferring of the particles up to the froth-pulp interface is true flotation, which 

means the selective attachment of hydrophobic minerals to air bubbles. (Ata 2004, 

Wills 2006, 268) 

Entrainment is the non-selective transferring of particles. It is the primary 

transportation mechanism for the gangue minerals, because both hydrophobic and 

hydrophilic particles can be recovered from the froth by entrainment. Particles are 



 

5 

 

entrained in the water phase, which remains between air bubbles in the froth. 

Physical entrapment is also the non-selective mechanism, and takes place when 

particle is sticking between hydrophobic particles and air bubbles. Every type of 

minerals in the pulp, the gangue and the desired ones, can be floated by physical 

entrapment. (Cilek 2001, Ata 2004, Wills 2006, 268) 

 

Figure 2. A) True flotation B) Entrainment C) Physical entrapment. Black 

dots are hydrophobic and red dots are hydrophilic particles. 

Small part of the hydrophilic gangue returns back to the pulp due to a drainage of 

slurry. The remainder is carried up with the concentrate and the quality of 

resulting product is then reduced. The efficiency can also be reduced due to the 

detachment of hydrophobic particles. Minerals in froth may detach from the 

surface of bubbles and return to liquid zone where they are able to attach again to 

air bubbles and lift up. On the other hand, the detachment of particles upgrades 

the quality of product, if the detachment process is selective to a certain particle 

size and hydrophobicity. (Ata, 2004) 

The part of the detached particles might be recaptured within the froth before they 

pass to the liquid zone. Apart from this, gangue can be transferred into the froth 

through slime coating. Some of the slime-sized hydrophobic particles are 

transported into the froth on the interface of bubble and water. (Cilek, 2001; Ata, 

2004) 

2.2 Mineral-Water Interface 

The freshly crushed and milled minerals have easily reactive surfaces. When this 

sort of rock material gets into contact with water, the surfaces will react instantly 

with the ions in water. Since the mineral is exposed to an aqueous solution, the 
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electrical double layer is developed. The double layer theory explains the force 

between charged surfaces interacting through a solution. Charged aqueous species 

in water will migrate across the mineral-water interface until equilibrium state is 

reached. The mineral surface will have a charge with respect to the aqueous phase. 

(Fuerstenau and Urbina 1988, 6-9) 

Every type of mineral dissolves more or less in water. For example, quartz, calcite 

and many silicates are quite easily dissolving in water. In general, ore contains 

several different types of minerals. Since all the minerals dissolve in water up to a 

certain point, the pulp will finally contain a large quantity of various ions. 

(Lukkarinen 1987) 

Clean water contains free water molecules in addition with hydrogen and 

hydroxide ions, and different hydrated compounds resulting between these 

components. Dissolving is a result from the ionizing water molecules. Water 

molecule (H2O) ionizes to hydrogen (H
+
) and hydroxide (OH

-
) ions. Positive H

+
 

ions and negative OH
-
 ions hydrogenate, which means that one or more of the 

H2O molecules joins to either H
+
 or OH

-
 ion. H

+
 and OH

-
 ions are then surrounded 

by H2O molecules. In the same way, the mineral surface having either a positive 

or negative charge, will hydrogenate instantly while it is immersed in water, 

which means that H2O molecules are attached to the surface of the mineral by 

intermolecular forces of attraction. The mineral surface has turned hydrophilic. 

(Hukki 1964, 327-328, Lukkarinen 1987, 32) 

2.3 Polarity and Hydrophobicity 

An electric charge can have positive or negative polarity. Bonds connecting atoms 

are more polar, if the electronegativity difference is greater. All minerals are 

classified as polar or non-polar type depending on the surface properties. Solid 

matter having a non-polar surface is naturally adhesive to the air bubbles, so that 

they do not attach to the water dipoles. Some minerals have naturally non-polar 

edges and faces. (Fuerstenau and Urbina 1988, 4) 

On the contrary, most minerals react easily with water molecules. These types of 

minerals are classified as hydrophilic minerals, which surfaces are covered by 
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inorganic and highly polar ion layer. Polar surface gets moisten in water, and it 

must be transformed into a non-wetted one so that it can be floated. Moistening 

applies also to such a non-polar solid matter that has a polar coating. Polar and 

hydrophilic mineral is held together by ionic or covalent bonds. Reagents used to 

change the surface of polar mineral to non-polar, are called collectors. These are 

surface-active reagents, which adsorb on the surface of hydrophilic mineral. 

However, it is common practice to add reagents to improve the hydrophobicity of 

minerals having naturally non-polar surface. (Fuerstenau and Urbina 1988, 4) 

2.4 Adsorption of Collector 

On the interface of solid particle and water takes place the most remarkable 

phenomenon of froth flotation. This is the selective attachment of collector to the 

mineral surface. The aim of using collector is to form selectively a hydrophobic 

layer on a surface of the desired minerals in the flotation pulp. The wetting 

behavior of mineral surfaces is reduced and switched to hydrophobic. (Lukkarinen 

1987, 37-38) 

The object of adsorption is the accumulation of ions or molecules at the mineral-

water interface. Collectors are heteropolar molecules, which contain a polar head 

and a non-polar hydrocarbon chain that controls their adsorption. Collector 

adheres to particle surface, so that the polar head is at the mineral and 

hydrocarbon chain towards the water. The non-polar head turns mineral to 

hydrophobic, when it is in contact with the water. In order to attach the polar head 

of collector on the mineral surface, the required energy of attachment must be less 

than the required energy in the formation of collector-water combination. Anionic 

and cationic collectors are needed due to the positively or negatively charged 

mineral particles. (Lukkarinen 1987, 37-38, Lotter 2009) 

In general, the required amount of collector reagent is equivalent to the 

monomolecular coating on the surface of particle. Excessively dosed collector in 

the pulp may reduce its selectivity, and hydrophobicity of a particle may also be 

diminished due to the many overlapping layers of collector chemical, which can 

affect negatively on the radial orientation of the hydrocarbon chains. (Wills 2006) 
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Mechanism of sorption depends on the mineral type (surface nature and charge) 

and collector characteristics. Minerals can be divided into four types based on 

different adsorption mechanism: oxides, silicates, barely soluble salt minerals and 

sulfides. The sorption mechanism can be physical or chemical. Basically, 

chemisorption is the desired adsorption mechanism in flotation. Chemisorption 

includes electron transferring and binds more strongly than physical adsorption. 

(Lukkarinen 1987, 37-38) 

Selectivity may be obtained if a single mineral or mineral group reacts with the 

collector and is then switched to air-avid. The most important chemical species 

are the ions that are capable to form a bond to the mineral surface. (Lukkarinen 

1987, 37-38; Fuerstenau and Urbina 1988, 13) 

Fuerstenau and Urbina (1988) divided the mineral-collector interactions in 

flotation of sulfide minerals into five different categories. Physical adsorption in 

the double layer takes place, for example, when amines adsorb on sphalerite 

((Zn,Fe)S) and argentite (Ag2S). Chemisorption occurs on metal sites, example 

being mercaptans adsorption on sphalerite. Ions exchange between collector and 

surface oxidation products occurs when xanthates adsorb on galena (PbS). 

Oxidation of collector and adsorption of oxidation products is in the case when 

dixanthogen adsorbs on pyrite (FeS2). Formation of metal-collector salts takes 

place when cuprous xanthate adsorbs on chalcocite (Cu2S). 
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3 OVERVIEW OF THE SULFIDE MINERALS 

FROTH FLOTATION 

 

3.1 Sulfide Minerals 

History of sulfide ore flotation dates back to beginning of 20
th

 century. Selective 

flotation of sulfide ores have been widely used on an industrial scale due to the 

excellent flotation properties of the sulfide minerals. Over 300 sulfide minerals 

are known to occur in the earth’s crust, while the majority of sulfides are not in a 

beneficial form in the viewpoint of minerals processing industry. (Papunen 1986, 

20-24, Kohad 1998) 

Most of the sulfide minerals contain only two main elements. Some of the most 

important sulfide minerals are chalcopyrite (CuFeS2), chalcocite (Cu2S), 

pyrrhotite (Fe(0.8-1)S)), arsenopyrite (FeAsS), pyrite (FeS2), galena (PbS), 

sphalerite ((Zn,Fe)S), bornite (Cu5FeS4), covellite (CuS), pentlandite ((Fe,Ni)9S8). 

As can be seen, most remarkable elements in sulfide minerals are iron, sulfur, 

copper, zinc, lead and nickel. Rare metal sulfides are for example molybdenite 

(MoS2), cinnabar (HgS), stibnite (Sb2S3), and sulfides of nickel, cobalt and 

bismuth. Also, sulfide minerals are often sources of precious metals like indium, 

gallium, germanium, thallium, selenium, tellurium, cadmium, rhenium and certain 

others. (Glembotskii 1963, 437, Papunen 1986, 21-26) 

Compared to other mineral types, sulfide minerals have some important features 

that are crucial in the flotation. For example, sulfide minerals are not much 

dissolving in water, because they are covalently bonded compounds. Kohad 

(1998) noted that sulfide minerals are “metastable and prone to surface oxidation 

in presence of water and oxygen”. Another important point he mentions, is that 

sulfide minerals are electronic semi-conductors, which can receive or give up 

electrons, hence the surface is reactive. Some of the sulfide minerals have weak 

natural hydrophobicity, while some of them are capable of quick and complete 

flotation even in the absence of collector chemicals. (Kohad 1998) 
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3.1.1 Copper Sulfides and Molybdenum Containing Ores 

Copper sulfides are one of the main sulfide minerals, when speaking of 

economically beneficiated sulfide ore bodies. Copper sulfides are minerals with 

the formula CuxSy or CuxFeySz. Chalcopyrite (CuFeS2) is the primary copper 

sulfide mineral, which occurs together with other typical sulfides in many 

different geological environments. Globally recovered secondary copper sulfides 

are bornite (Cu5FeS4), covellite (CuS) and chalcocite (Cu2S). (Papunen 1986, 26) 

Copper minerals are present in deposits which are formed in several different 

tectonic environments. Copper occurs in deposits such as magmatic, skarns, 

epithermal, volcanic associated massive sulfide deposits, oxide deposits, 

carbonate replacement deposits amongst others. (Liipo 2011) However, the most 

important is the porphyry copper deposit. Liipo (2011) remarked that “the 

porphyry copper deposits are characterized as a low-grade copper, gold, and/or 

molybdenum mineralization developed within and around a porphyritic intrusive 

complex.” 

Commonly, porphyry copper deposits hosts only a small percentage of copper 

(0.4 % to 1 %) and molybdenum (0.01 to 0.25 %), but the volume of the ore 

makes it economically remarkable. The most part of the rock is silicates (SixOy), 

which accounts for 75 % of the elements in the earth’s crust. Pyrite (FeS2) content 

may vary largely in the ore, moderate pyrite content being in the range of 5-15 % 

of the total ore. Copper ore may also contain iron sulfides such as pyrrhotite 

(Fe(0.8-1)S)) and marcasite (FeS2). (Papunen 1986, 26, Fuerstenau and Urbina 

1988, 20, Bulatovic 2007, 235-237, IMOA 2013) 

More than 60 % of the world’s copper production and half of the molybdenum are 

extracted from porphyry copper ores (Bulatovic 2007). The largest porphyry 

copper deposits are located in Chile, Peru, Mexico, Panama, Montana (USA), 

Utah (USA), China, Philippines, Iran, Russia, Kazakhstan, Uzbekistan and 

Mongolia. Porphyry ores containing molybdenum as the chief value are rare, and 

these ores are being treated only by a few mines located in the North and South 

America. (Aplan and Chander 1988, 364, Leimala 2005, Bulatovic 2007, 236-

253) 
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Molybdenum is contained in various minerals, but only molybdenite is suitable 

for the industrial production. Usually it is recovered as a by-product. Molybdenite 

(MoS2) is often occurring in porphyry ores where chalcopyrite and chalcocite are 

present. Less common molybdenum containing minerals are lead molybdate 

(PbMoO4), magnesium molybdate (MgMoO4) and calcium molybdate (CaMoO4). 

(Leimala 2005) 

3.2 Flotation Chemicals 

Reagents are the key to a successful flotation as they actively separate the desired 

mineral particles from the other minerals, by attaching the valuable ones to 

bubbles that transport them to froth phase. On the contrary, some reagents are 

used to keep certain type of minerals in the slurry. The overall pH of the pulp is 

controlled with chemicals at a range, where the flotation works most effectively. 

In addition, the froth structure can be improved by the use of chemicals. Selecting 

the right reagents may only make a less than one percent difference in metal 

recovery, but with high metal prices this difference makes it worth finding the 

right ones. The flotation reagents can be roughly divided into three groups: 

collectors, modifying reagents and frothers. 

3.2.1 Collectors 

The primary task of a collector chemical is to selectively form a hydrophobic 

layer on a surface of the desired minerals in the flotation pulp so that an air bubble 

can attach to its surface. Collectors can be divided into two distinct groups. These 

are non-ionizing and ionizing group. Non-ionizing collectors are hydrophobic, 

usually liquid, non-polar hydrocarbons that do not dissociate in water. On the 

contrary, ionizing compounds are able to dissociate in water. Ionizing group is 

further divided in anionic and cationic collectors. (Bulatovic 2007) 

Cationic collectors are reagents, in which the main element is the nitrogen group 

and the polar group is cation. Hydrocarbon group and hydrogen atom are 

covalently connected to nitrogen. Most important chemicals in this group are 

amines, which are organic derivatives of ammonia. Characteristics of amine 

collectors are determined by the number of connected hydrocarbon radicals to 
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nitrogen. Cationic collectors are natural collectors for minerals, which have a 

negative surface charge. (Hukki 1964, 370, Bulatovic 2007, 33) 

Anionic collector is hydrolyzed in water so that it forms negative collector ion and 

positive metallic ion, ammonium ion or hydrogen ion. The polar group is anion 

which might be composed of various species. Anion collector can be based on 

bivalent sulfur, as an example in the case of dithiophosphates and xanthates. In 

addition, anionic collector can be based on the carboxyl group or sulfuric acid 

anions. (Bulatovic 2007, 7) 

Thiol collectors such as xanthates, dithiophosphates, thiocarbamates and 

mercaptans are chemicals, which are conventionally used to float sulfide ores. 

These chemicals are heteropolar and contain a polar part, where at least one sulfur 

atom is not bonded to oxygen. Sulfur group reacts with water and is hydrophilic. 

In addition, many of these reagents include the thiol group (SH). (Hukki 1964, 

357; Fuerstenau and Urbina 1988, 27) 

Xanthates 

The eldest and globally used sulfide collector chemical is the chemical group of 

xanthates. The xanthates are volumetrically the most used sulfide mineral 

collectors. The advantages of using them are inexpensive price, long shelf life in 

solid form, great water solubility, and their ability to achieve good recovery for 

bulk sulfide minerals. The iron sulfides, which are classified as gangue minerals 

are also recovered due to the unselective nature of xanthates. Commonly the pH is 

raised above 9 to maintain better selectivity over gangue iron sulfides. 

Conventional xanthates used in the concentration plants are, for example, 

potassium ethyl xanthate (PEX) and potassium amyl xanthate (PAX). (Parekh 

1999, 117-118) 

The length and structure of the carbon chain varies and affects significantly the 

collector action. Longer chain dissociates slower in water than short chain. On the 

other hand, when the hydrocarbon chain lengthens, the same recovery rate is 

possible to get with less using of chemical. Molecular form of xanthate is shown 

in Figure 3, where “R” represents the hydrocarbon chain. (Hukki 1964, 360, 

Bulatovic 2007, 21) 
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Lotter (2009) noted that “xanthates are synthesized from an alcohol (R-OH), 

potassium or sodium hydroxide, and carbon disulphide (CS2), and functional 

group is OCS2.” In solution, decomposition of xanthates increases with a 

reduction in the pH. Chemisorption is the predominant mode of xanthate 

adsorption on minerals. In an alkaline medium, and in the presence of air, the 

xanthate species most probable exist in xanthate ions, dixanthogen, 

monothiocarbonate, and metal xanthates. (Glembotskii 1963, 455, Hukki 1964, 

360, Fuerstenau and Urbina 1988, 27, Bulatovic 2007, 21, Lotter 2009) 

 

Figure 3. The molecular form of xanthate (Lotter 2009). 

 

Dithiophosphates 

Great flotation results can be obtained when various ditiophosphates are used as 

sulfide collectors. The dithiophosphates are the second major class of sulfide 

mineral collectors. Collectors from this group are in liquid form, unlike xanthates 

that are solid. Dithiophosphates are weaker collectors than xanthates in addition 

with the fact that the dosages are generally higher with dithiophosphates. On the 

other hand, dithiophosphates have better iron sulfide rejection capability. They are 

often used as a secondary collector with xanthates, or alone, and higher pH is 

required for the selectivity against iron sulfides. Dithiophosphates are not as 

inexpensive as xanthates, but are cheaper than many of the other collector 

chemicals. (Parekh 1999, 118) 

Dithiophosphates are derivatives from phosphoric acid. In Figure 4, “R” and “R’” 

presents the alkyl chains of dithiophosphate, which length and structure affects the 

collector action. The functional group of dithiophosphate is O2PS2. 

Ditiophosphates are used globally in sulfide minerals flotation such as copper, 
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lead, and zinc minerals and also in selective flotation of metallic gold. (Hukki 

1964, 352, 418; Bulatovic 2007, 273; Lotter 2009) 

 

Figure 4. The molecular form of dithiophosphate (Lotter 2009). 

 

Thionocarbamates 

The thionocarbamate family is the third largest collector by volume (Parekh 1999, 

118). Thionocarbamates have very long shelf life, are water soluble, and have oily 

liquid form. They have better selectivity against iron sulfides than the previously 

described collectors. Thionocarbamates can operate well in alkaline conditions, 

where the pH is in the range of 7-12. In addition, they are not very robust to water 

chemistry variations. Disadvantage of using thionocarbamates is their higher price 

compared to xanthates and dithiophosphates. Basic thionocarbamate collector is 

isopropyl ethyl thionocarbamate, which molecular form is shown in Figure 5. 

(Parekh 1999, 118) 

 

Figure 5. The chemical structure of isopropyl ethyl thionocarbamate. 
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Mercaptobenzothiazoles 

The mercaptobenzothiazoles have been used for a long time in the chemical 

industry before it was tried in froth flotation as a collector chemical (Bulatovic 

2007, 26). As a flotation reagent, mercaptobenzothiazoles are used in the acid 

flotation and close to neutral pH flotation of bulk sulfide minerals (Parekh 1999, 

118). Mercaptobenzothiazole is solid, insoluble in water, but readily soluble in 

alkaline solutions. Bulatovic (2007) noted that the mercaptobenzothiazoles were 

firstly introduced in the lead carbonates flotation, but were later adapted to 

tarnished and oxidized copper minerals flotation. They are sometimes used as a 

mixture collector with dithiophosphates. Mercaptobenzothiazole consist of a 

benzene ring fused with a thiazole ring, as can be seen in the Figure 6. 

 

Figure 6. The chemical structure of mercaptobenzothiazole (Bulatovic 2007, 

18). 

 

 

3.2.2 Modifying Reagents 

Modifying reagents, or so called regulating reagents are used to selectively adsorb 

collectors on certain minerals. With the use of modifying reagents, adsorption can 

be adjusted in either way by accelerating the adsorption of collector or preventing 

adsorption entirely. Modifying reagents makes it possible to separate individual 

mineral sulfides apart from each other e.g. lead, zinc and copper from complex 

sulfides ores. 

Modifying reagents can be divided into two groups, which are named activators 

and depressants. Activator is an inorganic chemical in which effective ion is 
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oppositely charged in regard to polar head of collector. Activator makes the 

surface of designated minerals attractive for collectors. Depressant has the 

opposite effect, because it renders certain minerals hydrophilic, hence preventing 

their flotation. (Bulatovic 2007, 53-54) 

Activators 

Activator is added to flotation pulp to help the collector to adsorb on a particular 

mineral. The surfaces of sulfide minerals are generally activated by using of salts. 

Commonly used salt for the activation of sulfide minerals is copper sulfate 

(CuSO4∙5H2O). For example, pure clean sphalerite does not adsorb short-chain 

xanthates until its surface is activated by copper ions. After activation sphalerite 

can easily be floated even with weak collectors. Copper sulfate is also used as an 

activator in pyrrhotite, pyrite and other sulfide minerals flotation. Other metals, 

such as Hg and Ag, can be used in the activation, but copper sulfate is cheaper and 

convenient to use. (Lukkarinen 1987, 68; Wills 2006, 279; Bulatovic 2007, 58) 

Depressants 

Depressant prevents the adsorption of the collector on the mineral surface, and 

they can also prevent the attachment of bubbles to a mineral surface. Generally, 

sodium sulfide and cyanide salts are used as depressants in the flotation of heavy 

metal sulfides. (Fuerstenau and Urbina 1988, 2) 

Cyanide ion (CN
-
) is a depressant for the froth flotation of sulfide minerals. It has 

the disadvantage of being toxic and expensive, but cyanide is used because of its 

great selectivity. It is able to produce species with various heavy metals, for 

example, with copper it forms copper(II)cyanide (Cu(CN)2). Commonly, the 

sodium cyanide is the source of the CN
-
 ion. Sodium cyanide hydrolyzes in 

aqueous solution to form free alkali and relatively insoluble hydrogen cyanide 

(HCN). (Lukkarinen 1987, 72; Wills 2006, 279) 

Cyanide ions have the advantage of leaving the mineral surface relatively 

unaffected, so that the subsequent activation is relatively simple. Free cyanide 

ions in pulp may still have an effect to the activator function. The concentration of 

cyanide ions depends on the pH, which is controlled by the use of the pH 
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modifiers. Cyanide ions can be controlled by the use of alkali. Increase in the pulp 

alkalinity reduces the amount of free HCN, but increases the concentration of CN
-
 

ions. Referring to the foregoing, it can be concluded that the depressing of a 

mineral is a multi-level system. (Lukkarinen 1987, 70; Wills 2006, 280) 

The basic necessity for successful flotation is the joint effect of appropriate 

depressant and pH. Selectivity in complex separations is dependent on a balance 

between reagent concentrations and alkalinity. Flotation must be operated in 

circumstances, where corrosion of equipment is minimized and collector is 

working properly. Corrosive effect is more intense in acidic medium. 

Regulating chemicals used for the sulfide ore are sulfuric acid (H2SO4) or lime 

(CaO or Ca(OH)2). Sulfuric acid is used, if the medium requires lower pH. Lime 

is added in the form of milk of lime, which is a suspension of calcium hydroxide 

particles in saturated aqueous solution. Lime can be added to depress iron sulfides 

or partly to improve the floatability of copper sulfide minerals. Lime has gained 

favor with beneficiating plants all over the world due to its cheap price. 

(Lukkarinen, 70; Wills 2006, 280) 

A few alternative depressants have been developed for pyrite. So called HQS 

mixture, which is the mixture of sodium silicate (Na2(SiO)nO), monosodium 

phosphate (NaH2PO4) and quebracho (wood) has been found to be very effective 

for preactivated pyrite. Other investigated depressants are oxidized starches and 

dextrins, which have proven to be effective in some flotation plants for pyrite 

depression. (Bulatovic 2007, 250) 

3.2.3 Frothers 

Frother molecules prevent the air bubbles coalescing, and keep them dispersed. 

Air bubbles will break up almost immediately, when they are generated in water 

by blowing air or shaking. With the addition of frother reagent, the froth is strong 

enough to carry the attached mineral load and remain stable until it reaches the 

concentrate launder and easily breaks after. (Wills 2006) 

Frothers are heteropolar, organic and surface-active compounds, which have the 

tendency to concentrate at the interface of water and air bubbles. The aim of using 
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frother is to lower the surface tension of the water, which leads to the formation of 

a stable froth by increasing the film strength of the air bubbles. Frothers affect to 

the size of the air bubbles and help hydrophobic minerals to attach them more 

easily. (Glembotskii 1963, Hukki 1964, 384-385, Craig 1993, Bulatovic 2007, 43) 

Frothers have similar characteristics than ionic collectors. In general, frother has 

negligible collecting effectiveness, it is soluble to water to some extent, and also 

produces froth, which is just stable enough to ease transferring the floated mineral 

from the cell surface to the collecting launder. The effective frother includes 

hydroxyl, carboxyl, carbonyl, amino or sulfo group. The alcohols are the most 

widely used. Nowadays, a wide range of synthetic frothers are used in many 

plants. Their composition makes it easier to control the flotation process. A 

widely used synthetic alcohol frother is a methyl isobutyl carbinol (MIBC). Other 

frother chemical groups that are found to be very effective are polyglycols and 

polyglycol ethers. (Wills 2006, 276-277) 

3.3 Froth Flotation Process 

3.3.1 Ore Treatment Prior to Froth Flotation 

Initially, the ore must be broken into tiny pieces in order to float the minerals. The 

surface properties of the sulfide minerals determine the floatability and selective 

separation efficiency. Ore path to the final concentrate starts from the crushing 

and grinding circuit, leading to the flotation circuit, where the valuable minerals 

are separated from gangue. 

Sulfide ore is primarily crushed and if necessary, then by fine secondary crusher. 

When the reasonable size is achieved, the ore is transported by conveyers and 

feeder to grinding stage. Grinding circuits and mills typically applied in the 

concentrator plants are always designed case-specifically depending on the 

characteristics of the ore. In the grinding stage, ore is milled to size between 40 to 

300 μm. The aim of the grinding circuit is to create suitable size distribution for 

getting the highest recovery by flotation. Grinding mills are generally classified 

into two types: tumbling mills and stirred mills. Tumbling mills grind particles 
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from 5 to 250 mm to size between 40 and 300 μm. Stirred mills grind minerals to 

fine (15-40 um) and ultra-fine (<15 μm) fractions. (Wills 2006, 146) 

Autogenous (AG) and semi-autogenous (SAG) mills are tumbling mills in which 

comminution takes place. These mills use large amounts of ore as the grinding 

media. AG mill do not include any additional charge of steel balls. If the strength 

of ore is high, a small charge of steel balls is added to assist in size reduction. This 

type of mill is called SAG mill. Currently, most operating plants are grinding 

porphyry copper ore initially with SAG mill and then by ball mill. Many older 

operating plants are using a combination of rod mill and ball mill. (Bulatovic 

2007, 245, Bruckard 2010) 

After milling, the fine ore is subjected to the cyclones where it is classified. At 

classification stage, the minerals are divided into two or more products based on 

the specific gravity and shape of the particles. The classified ore is fed into 

conditioning tank for mixing, and the proper flotation reagents might be added at 

this point. After the conditioning period, the slurry is carried into the first rougher 

flotation cell. (Wills 2006, 203, Bulatovic 2007, 246, Lotter 2009) 

Rougher concentrates and rougher-scavenger concentrates are in many 

concentrators re-ground and re-floated to obtain acceptable final concentrate 

grades. Tower mills and stirred mills are used for fine grinding, because tumbling 

mills are often too heavy in the viewpoint of energy consumption. Tower mills 

and stirred mills impart motion to the charge by the movement of an internal 

stirrer. Conventional fine grinding mills are operated by feeding the ore pulp from 

top of the mill. (Wills 2006, 166) 

Outotec HIG mill represents advanced and energy efficient ultra fine grinding 

technology. Feed is pumped inside from the bottom of the mill, in order to carry 

the slurry through the grinding chamber. The chamber is filled up to 70 % with 

grinding media, which composes of small beads. Rotating discs are positioned 

inside the mill, one on top of the other. Number of the discs depends on the size of 

the mill. The purpose of the discs is to stir the grinding media, which then grinds 

the charge that is flowing upwards. During the grinding in the HIG mill, the 
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gravity keeps the media compact and enables effective contact between beads and 

particles. Final product comes from the top of the mill. (Outotec HIG mills 2012) 

3.3.2 Flotation Cells and Circuits 

Flotation is a continuous process and conducted in flotation circuits, where several 

flotation cells are organized in series. Available mechanical flotation cell volumes 

have increased over a ten-fold during the last decades, while the largest 

mechanical cells have now a volume of 300 m
3
. The greater size of flotation cell 

has many advantages: fewer cells, less floor space, less installed power, simpler 

operational controls and lower power consumption. (Arbiter 1999, Wills 2006, 

292) 

Flotation columns represent newer cell technology. Column flotation gained 

popularity 30 years ago and they are now widely used in the minerals processing 

industry. Column flotation includes water addition from top of the cell, which is 

used to detach hydrophilic particles from the froth. Kohad (1998) noted that “one 

single flotation column can replace a bank of mechanical flotation cells.” 

Columns are particularly used in the sulfide ore flotation circuits typically in the 

last cleaning stage. Advantages of using column cells are high capacity at less 

plant space, no moving parts - hence less wear is required, high grade of 

concentrate, less entrainment of gangue due to froth washing and low operational 

and capital cost. (Kohad 1998) 

The simplest flotation circuit is a two-stage circuit, also known as rougher/cleaner 

-circuit. Common flotation circuits contain at least three-stage rougher-cleaner-

scavenger circuit. Three stages or more in the flotation circuit is needed, if the 

grade is expected to be very high or if a lot of middlings is present. The flow sheet 

of the circuit depends on the characteristics and type of the ore. In copper sulfide 

flotation plants, re-grinding is commonly part of the operations. Re-grinding 

might be used before passing rougher concentrate to the cleaning stage, or to treat 

circulated ore that is discharged from the scavengers overflow. (Loveday 1995) 

Flotation process begins when pulp enters to first cell of the bank and some of its 

valuable minerals are separated as froth. The overflow from the first cell passes to 
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the second cell, where more enriched froth is separated. Process continues in the 

same way, until the valuable mineral content in the tailings of the last cell is 

negligible. Generally, solids content in the flotation pulp is in the range of 10 to 

40 %. In the rougher flotation, the pulp is more consistent than in the cleaner 

stage. The cleaner stage is intended to refloat the rougher concentrate. The final 

concentrate comes from the cleaner stage, where it is separated from the cleaner 

tailings. The tailings from the cleaning stage are often circulated back to the head 

current. (Wills 2006, 292) 

Scavengers contain relatively low-grade froths, because they are intended to 

process the tailings carried out from the rougher or cleaning flotation. The 

overflow from the scavenger stage is circulated back to the head current or 

regrinding. The scavenger underflow is discharged out of the circuit to tailings. 

(Lukkarinen 1987, 2, Wills 2006, 292) 

3.3.3 Dosing Points of Flotation Chemicals 

The addition point of the reagent can have remarkable impact on the recovery 

rate. The reagents can be added directly to the mills, conditioning tanks, flotation 

cells or other parts in the circuit. According to Wills (2006, 320), “modern 

flotation plants add reagents via either positive displacement metering pumps or 

automatically controlled valves, where reagents are added in frequent short bursts 

from a ring main or manifold.” By adding the reagents this way, sufficient mixing 

of the chemicals is achieved. 

Collector chemicals might be added to conditioning tank, which is positioned 

prior to flotation cell. In the conditioning tank, chemicals are mixed to pulp and 

minerals are converted to a floatable form. The conditioning period is a time 

which is allowed for collector adsorption during agitation. Separate conditioning 

decreases the time needed for the flotation process. Conditioning in flotation cell 

is not economical due to the time required for the reactions between collector and 

minerals, although addition of booster dosage of collector to the cell bank is a 

common practice. Extra dosage of collector might be added to the cells, after the 

rougher flotation, but before scavenger stage. (Wills 2006, 319; Bruckard 2010) 
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In many sulfide ore concentrators, the collector is added to the mill. Typical 

reagents added to the grinding mill are collectors, pH modifier/pyrite depressant, 

frother and promoting oils. Specifically oily collectors and lime should be added 

to mill, as they require intensive mixing in order to dissolve them in the pulp. The 

advantage of adding chemical straight to the mill is that the fresh and reactive 

surfaces of minerals are able to come immediately into contact with collectors, 

and oxidation has no time to take place. Also, the effects of the galvanic 

interactions are reduced. However, Bruckard (2010) noted that “there is no 

detailed evidence in the literature to show that collector addition during 

comminution significantly improves the subsequent flotation of copper sulfides”. 

The disadvantage of adding chemical to the mill is that the proper dosing of 

chemical is difficult to control, as the feed composition often varies, which may 

then lead to over-conditioning. (Wills 2006, 319; Bruckard 2010) 

Adjusting of the pH is often done by adding dry lime to the fine grain-sized ore-

bins. This will diminish oxidation of sulfide mineral surfaces. The pH of the 

slurry can be readjusted by the addition of lime, for example, on the classifier 

overflow. Cyanide is used to assist pyrite depression in the copper sulfide 

flotation, therefore a portion of cyanide may be added directly to the mill. Sodium 

sulfide (Na2S or NaHS) may be used as a modifying reagent in the copper 

flotation. According to Bruckard (2010) publication, where he referred to Orwe et 

al. (1998), it seems that copper recovery increases, if NaHS is added after 

grinding, but prior to flotation. However, sodium sulfide is rarely added during 

grinding. Frothers are typically added last, because they only need to disperse in 

the pulp. Small amount of frother can also be added into the pipeline carrying the 

flotation feed. (Wills 2006, 320, Bruckard 2010) 

3.4 Flotation of Cu-Mo Ore 

Aplan and Chander (1988) set three goals in the Cu-Mo ores treatment. These are 

achieving high recoveries, high concentrate grades and an effective Cu-Mo 

separation. The main challenge in the flotation of Cu-Mo ore is to maximize the 

valuable copper sulfide and molybdenum recovery with minimum recovery of 

pyrite to the final concentrate. The primary product is the copper concentrate, 
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while molybdenum is usually recovered as a by-product. The flotation recovery of 

copper sulfides is usually higher than that of molybdenite. Copper recovery 

generally exceeds 85 %, while molybdenum recovery varies often between 

concentrators and is an average of about 50 %. The rest part of the concentrates 

composes mainly of iron sulfides. (Bulatovic 2007, Ametov 2008, Liu 2012) 

Several flow sheets are used in the treatment of the Cu-Mo porphyry ores. Typical 

flow sheet includes two plants. The ore is firstly processed in the copper plant, 

which produces a bulk copper sulfide-molybdenite concentrate. Generally, it is 

achieved by depressing gangue minerals such as silicates and iron sulfides. 

Second plant is so called “moly” plant, or Cu/Mo separator plant, where the 

selective flotation is used in the separation of molybdenite and copper. The 

Cu/Mo separator is illustrated in the Figure 8. In the moly plant, copper sulfides 

are depressed, while molybdenite is recovered to froth phase. (Liu 2012; Ametov 

2008) 

In porphyry ore, molybdenite is commonly a major molybdenum containing 

mineral. Referring to Ametov (2008), molybdenite has anisotropic laminar crystal 

structure (non-polar faces and polar edges), which is similar to that of talc and 

graphite. Despite the inherent floatability of molybdenite, processing of the Cu-

Mo ore is not the easiest one to process. Commonly losses of molybdenite occur 

in the copper rougher circuits, and regarding to Ametov (2008), many times the 

problems are related to the occurrence of molybdenum oxide minerals, 

disseminated locked fines or large non-floating flakes. In addition, treatment of 

molybdenum at industrial scale has shown some problems, which are closely 

attributed to slime coatings, grinding and liberation, flotation reagents and 

optimization between the metallurgies of copper and molybdenum. Clay and other 

talcose minerals existing in the ore may have a negative effect on the flotation, 

because they can produce a dry froth and form slimes that are difficult to remove. 

(Liu 2012)  

Various reagents are used in the flotation of Cu-Mo ore. Calcium hydroxide 

depresses the iron sulfide gangue minerals, and at higher pH zone assists to 

produce a stable froth for the majority of porphyry copper ores. Commonly copper 

sulfides and molybdenite are selectively floated with collector such as xanthate, 
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dithiophosphate, thionocarbamate, mercaptobenzothiazole, or mixture collector. 

Molybdenum floats naturally, but it can be promoted with the “molybdenum 

collector”, such as diesel oil, kerosene or refined oils. Molybdenum recovery is 

typically enhanced in the bulk sulfide flotation with oils, because optimum 

molybdenum flotation pH is generally known to be in the range of 7 to 8, while 

copper should be floated in the pH range of 9 to 11 (Danafloat 2013). Flotation is 

conventionally carried out at high pH levels to ensure sufficient depression of 

pyrite. Some of the Cu-Mo concentrators have observed that the use of 

molybdenum collector can have a negative impact on the copper flotation. (Aplan 

and Chander 1988, 362, Pearse 2004, Bulatovic 2007, 249-264, Cytec 2010, 148, 

Castro 2012) 

The used copper collector may have frothing properties, hence, in some cases 

frother can be totally left out of the flotation. However, a wide range of frothers 

are being used in the flotation of porphyry copper-molybdenum ore. Typical 

frothers used are alcohol based MIBC or glycols based Dowfroth 250. (Bulatovic 

2007, 252-253) 

3.4.1 Bulk Flotation in the Copper Plant 

The copper plant flotation begins with the bulk rougher flotation, which is usually 

carried out at pH around 9.5 to 11.0. Conventional copper plant target is to 

produce Cu-Mo rich concentrate which is thereafter processed in the Cu/Mo 

separator plant. (Bulatovic 2007) 

Silicates are separated by floating copper and molybdenum selectively. Pyrite 

content should be as low as possible in the concentrate. Bulk rougher concentrate 

is passed to the classification and re-grinding, or it might be alternatively carried 

out directly to the cleaner stage. However, re-grinding is often useful at this point, 

in order to ensure maximum liberation before further flotation stages. If the 

Outotec HIG mill is used, rougher concentrate should be classified prior to re-

grinding. (Cytec 2010, 147; Liu 2012; Bulatovic 2007, 260) 

Copper plant operation has currently one or two cleaner stages depending on the 

process design. When low Cu grade and high pyrite grade ores are processed, two 
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cleaner stages might be useful in order to obtain high final copper grade in 

concentrate. In Figure 7, simplified porphyry copper plant flow sheet is illustrated, 

from where can be seen that the tailings current from the 1
st
 cleaner is passed to 

the cleaner-scavenger stage. The 1
st
 cleaner concentrate is carried to the 2

nd
 

cleaner stage, where the final bulk concentrate is produced. The cleaner-scavenger 

overflow is discharged back to the classification and re-grinding, and the tailings 

are removed from the circuit. Cleaner stage is often conducted at pH 11.0-12.0. 

(Cytec 2010, 147; Bulatovic 2007) 

 

Figure 7. Simplified porphyry copper plant flow sheet 

 

3.4.2 Separation in the Molybdenum Plant 

Typical feed mass to the moly plant is only 2 to 3 % of the initial ore feed. There 

are a number of separation methods that are available for treating bulk Cu-Mo 

concentrate, the purpose of which is to remove the residual collector coating by 

means of using various chemicals. Type of copper minerals present, content of 

impurities, and type of collector used are the most important parameters that affect 

on the selection of the suitable separation technique. Methods for separating 

copper and molybdenum generally results in floating of the molybdenite and 
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depressing of the copper sulfides. To depress copper, the collector, which has 

been used in the previous bulk flotation, must be washed away from the mineral 

surfaces. (Aplan and Chander 1988, 362; Bulatovic 2007, 255; Schlesinger 2011, 

415; Lukkarinen 1987; 144) 

The Cu-Mo bulk concentrate can be treated by sulfide method, which is the most 

widely used separating method for this type of ore (Bulatovic 2007, 256). The 

sulfide method involves dewatering of the concentrate before conditioning with 

sodium hydrosulfide (NaHS), sodium sulfide or ammonium sulfide, which 

depresses the Cu minerals and pyrite. Sodium hydrosulfide is the most common 

depressant for Cu-Fe-S minerals, which is why sulfide method is primarily used in 

the case where chalcopyrite is the primary copper mineral. Some operations are 

using cyanide in the last cleaner stages to enhance the pyrite depression. 

(Bulatovic 2007, 256; Schlesinger 2011, 415; Cytec 157, 156) 

Roasting method (as known as “Utah Process”) involves oxidizing roasting of Cu-

Mo concentrate at temperatures of 250-450 C. After roasting, concentrate is 

refloated and molybdenum is recovered to the froth phase using oil and frother. 

(Bulatovic 2007, 255) 

Steam treatment involves heating of the pulp near boiling point. Firstly the Cu-

MoS2 concentrate is thickened to 45-65 % solids and pulp pH is raised to 11.0-

11.5 by the use of lime. Pulp is heated by the steam treatment and temperature is 

maintained for 1 to 4 hours. After heating, the pulp is aerated and cooled down to 

the temperature 30-35 C. Further the pulp is diluted to 15-25 % solids and the 

molybdenum is floated using frother and oil. (Bulatovic 2007, 255) 

The basic method of so called ferrocyanide method involves dewatering the 

concentrate, conditioning with oxidizing reagents followed by additions of 

ferrocyanide (Na4Fe(CN)6) and flotation of molybdenite. The sodium cyanide 

may also be added in the cleaning stages. Ferrocyanide method has several 

different techniques which have been developed from the basic method. 

(Bulatovic 2007, 255) 
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Nokes’ reagents (thiophosphorus or thioarsenic) compounds can be used as a 

depressant for copper and pyrite in the moly plant cleaning stages. Prior to 

conditioning, bulk concentrate is dewatered. Sodium cyanide is sometimes added 

in the final cleaning stages for enhancing the depression of copper and pyrite. 

(Aplan and Chander 1988, 364; Bulatovic 2007, 256; Cytec 2010, 157) 

One of the referred methods is used in the Cu/Mo separator plant, where the Cu-

Fe-S minerals are depressed efficiently in the rougher-scavenger stage. Cu/Mo  

separator plant flow sheet is illustrated in Figure 8. Re-grinding mills has been 

seen in many cases being necessary part of the moly plant process. The efficiency 

of re-grinding in the moly plant is questionable, because the grains have been re-

ground already in the copper plant. However, it might improve the hydrophobicity 

of the particles, when fresh surfaces are produced. After the re-grinding, cyclone 

overflow is carried back to the cleaner stage. Molybdenum rich concentrate might 

be carried from the mechanical cleaner cells to the final column cleaner cells, 

where molybdenum grade is maximized. Nowadays, the column cells are used at 

the final step in order to reduce the number of mechanical cleaning cells. Mo 

underflow from the cleaners is circulated back to rougher stage. Final Mo grade is 

commonly 50 %. (Schlesinger 2011, Cytec 2010, 157) 

Schlesinger (2011) noted that there should be at least five column cells in series to 

obtain efficient cleaning of molybdenite concentrate. Nitrogen gas (N2) should be 

used instead of air as an aeration gas to reduce the oxidation of NaHS, and cleaner 

froth needs adequate washing with fresh water. 

 

 

Figure 8. Simplified moly plant flow sheet 
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4 COMPOSITION OF PROCESS WATERS 

Mineral processing requires a large amount of water, and typically fresh water 

sources are utilized as process water. One of the most urgent challenges that 

mining industry confronts in the 21
st
 century is the deficit of fresh water, hence, 

the use of seawater in mining operations has already been started to grow. Typical 

seawater has some differences in its composition compared to fresh water. In this 

section, these distinctions are discussed. 

4.1 Fresh Water 

Fresh natural water sources are groundwaters, rivers and lakes. Fresh water 

salinity is typically under 0.05 %, because only small amount of salts are 

dissolved in it. Ions or dissolved salts derive from the interaction between water 

and soil or bedrock. Mine sites are often located in remote environment far away 

from the surface water or oceans. For this reason, groundwater is the main source 

of water for mining activities. Fresh water quality used in mining operations is not 

required to be as pure as drinking water. The quality of water for mining is usually 

“brackish”, that refers to water having more salinity than fresh water but not as 

much as salt water. (Dunne 2012) 

The chemistry of fresh water is very different than seawater. Total salinity 

consists mainly of sulfates, nitrates, magnesium, calcium and sodium. Pure 

chemical substances are in lower concentrations than in seawater and total salinity 

is much lower. Typical pH of fresh water is in the range of 6.5 to 7.5. Following 

Table 1. shows the typical composition of fresh water used in the mineral 

beneficiation plants. 
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Table 1. Typical composition of fresh water. The values are an average of the 

two Finnish mine feed water (Aaltonen 2011a, Aaltonen 2011b). 

Constituent Name mg/l

NO3(-) Nitrate 21.5

S2O3(2-) Thiosulfate <5

SO4(2-) Sulfate 330.5

NH4(+) Ammonium <1

Al Aluminum <1

Ca Calcium 77

Fe Iron <0.8

Mg Magnesium 47.4

Na Sodium 31.5

Total 507.9  

4.2 Seawater 

Seawater is a complex medium containing high electrolyte concentration and 

natural pH of around 7.8-8.2. Besides salts, dissolved atmospheric gases such as 

nitrogen and oxygen in addition with organic compounds and trace metals such as 

Pb, As, Zn and Cu exist in seawater. Sverdrup (1942) remarked that a total of 49 

elements are known to occur in seawater. However, the very low concentration of 

trace metals is insignificant in the viewpoint of froth flotation. For example, gold 

is present in seawater amongst other metals and its average concentration is 

approximately 6 μg/l. Undoubtedly, further details about the seawater chemistry 

would reveal the presence of other metals too. (Sverdrup 1942) 

High salinity is a result of various dissolved salts, which have been carried to 

oceans by rivers. Sodium and chloride concentrations are making most of the total 

salinity, as is shown in Table 2. The chemical composition and total salinity of 

seawater varies slightly among different locations. The physical properties 

including organic compounds, temperature, turbidity and suspended solids may 

vary greatly. Also, electrical conductivity of seawater is a lot better than that of 

distilled water due to the ion content. On average, the salinity in the world’s 

oceans is generally 36 g/l. Average chemical seawater composition is presented in 

Table 2. (Barrera 2009, Schumann, Levay and Ametov, 2009) 
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Table 2. Typical seawater composition based on the ASTM standard (D1141-

98 2013). 

Ion Name
Concentration 

[g/l]

Proportion of the 

total salinity

Cl(-) Chloride 19.837 55.05

Na(+) Sodium 11.033 30.62

SO4(2-) Sulfate 2.769 7.68

Mg(2+) Magnesium 1.327 3.68

Ca(2+) Calcium 0.418 1.16

K(+) Kalium 0.398 1.1

HCO3(-) Bicarbonate 0.146 0.41

Br(-) Bromine 0.068 0.19

BO3(3-) Borate 0.026 0.07

Sr(2+) Strontium 0.014 0.04

F(-) Fluorine 0.001 0.004

Others < 0.001 < 0.001

Total 36.037 100  

 

As can be seen in Table 2, chloride and sodium are the most typical ions in 

seawater while their combined proportion is approximately 86 % of all salts. 

Although the percentual amount of secondary ions is small, these ions may 

interfere with some minerals under flotation conditions. Flotation in seawater is 

very different than so called “salt flotation”, where only NaCl is dissolved in 

water. For the clarification, the term “salt flotation” refers to NaCl solution, and 

“saline water” is a general term for water that contains a significant concentration 

of dissolved salts. 
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5 THE USE OF SEAWATER AS PROCESS WATER 

In a sulfide minerals production chain water is needed in different unit processes. 

Fresh water has become a precious requirement for the minerals processing 

industry in arid regions, and the most important reasons for this are scarcity of 

fresh water, continuously tightening environmental regulations and declining ore 

grades. The increasing demand for fresh water has pushed researchers to evaluate 

how to use process water as efficiently as possible. The focus is now on the 

possibility to use seawater extensively in the different process units in the mine 

and mill site, which would be an alternative to reduce the consumption of fresh 

water. In addition, effective recycling of process water is a possible solution for 

reducing intake water. (COCHILCO 2009) 

Currently seawater is used in mining operations in countries such as Chile, Peru, 

Indonesia, Canada and Portugal. Great example is the Las Luces plant in Taltal 

(Chile), which has been successfully using seawater for over 17 years in its 

crushing, grinding and flotation operations. Australia has mines, which uses only 

highly saline underground waters, in which case the process water may contain up 

to 200 g/l dissolved salts due to the recycling of water. (Moreno 2011) 

Non-desalinated and desalinated water systems are the available options for 

mining operations which are considering seawater as the water source. The 

chapter 5.1 describes how seawater intake and treatment differs in these two plant 

water supply systems. Thereafter, circulation and re-use of seawater are described 

in the chapter 5.2. The use of seawater at the mill site is studied in the non-

desalinated supply system, in which case raw seawater is used in processing of the 

ore. Water circulation scheme at the mill site is presented, and unintended water 

losses from the water circle are discussed. 

5.1 Plant Water Supply Systems 

Current seawater operated beneficiation plants can be separated into two camps. 

The majority of these plants have invested on desalination technology meanwhile 

few of them have chosen to use direct seawater in their operations. When 
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considering seawater as the process water, the question arises, whether it is more 

cost effective to desalinate the water or not. 

Desalination plant, pumping and pipeline systems produce the major investment 

costs, and can easily increase really high, because the CAPEX costs may exceed 

half billion dollars. Desalinated water supply system has initially higher 

investment costs than non-desalinated system, but on the other hand, direct 

seawater will ruin the equipment sooner. Corrosive effect of seawater leads to the 

ruining of equipment, because pipes, mills and pumps will rust through. When 

seawater is used without desalination, the main concerns are higher operating 

costs and maintenance requirements. (CIM 2013) 

Desalination provides an opportunity to combat against corrosion, and it seems 

that desalination is more preferable option in the long run. In the first place, 

selection of water supply system may depend on location, availability of water 

and lifecycle of mine. 

5.1.1 Desalinated Water 

Desalination is used in order to reduce salinity of the water. Primarily chloride ion 

concentration is important to diminish, due to its high natural concentration in 

seawater, and because chloride is able to attack steel. Basically, the water 

treatment process includes two stages. In the first stage, solids and organic matter 

are removed, and in the second stage water is filtered through the membranes, 

which removes ions. 

At first, seawater is captured and pumped to the water treatment unit that includes 

a filtration system, for example a sand bed filter, which separates fine solids. After 

filtration, the water is pumped through the desalination system that is built by the 

sea. Current desalination plants use membrane technologies and reverse osmosis 

to produce purified water. Reverse osmosis is clearly the most widely used 

method in the modern mineral beneficiation plants. Most of the ions cannot 

penetrate through the membrane, so they remain in the solution, which salt 

concentration is increased. This highly saline fraction of the feed water is rejected 

and discharged back to sea, which accounts for 50-55 % of the feed water 
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(Parraguez and Bernal 2009). Water treatment may involve electrochlorination, 

which disinfects the water with chlorine, and makes it acceptable for drinking by 

removing the bulk of the organic matter in the water. (Philippe 2010, Aral 2010, 

Moreno 2011, Koch Membrane Systems 2012) 

Desalinated water is conveyed to the concentration plant through pipelines, which 

might be needed for distance of over hundreds of kilometers. In the mountainous 

regions of South America, many of the major mining sites are located at high 

altitudes of up to 4 km above sea level and 200 km from the coastline. Therefore, 

the requirements for pumping energy and the number of pumping stations are 

significantly increased. For example, Minera Esperanza concentrator in Chile uses 

seawater in all its operations, and transports water 145 km from the Pacific coast 

to the mill site. Pre-treated seawater of about 62 200 m
3
/d is transported to 2 300 

m above sea level, and on the way to the concentrator plant water passes through 

four pumping stations. (Philippe 2010, Aral 2010, Moreno 2011, ICMM 2012) 

An example of the salt content in process water after desalination is shown in 

Table 3. Typical salinity of water is 0.2-0.9 g/l after purification. Desalination 

process can remove over 97 % of the dissolved salts. Salinity of the desalinated 

seawater is close to natural fresh water, which is generally under < 1 g/l. (Philippe 

2009, Parraguez and Bernal 2009) 
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Table 3.  Typical composition of desalinated water. 

Ions Name
Concentration 

[mg/l]
Proportion of the total salinity

Na(+) Natrium 455.20 52.17

Cl(-) Chloride 300.00 34.38

SO(4-) Sulfate 41.20 4.72

Mg(++) Magnesium 37.00 4.24

K(+) Kalium 11.20 1.28

HCO(3-) Bicarbonate 10.00 1.15

CaCO3 Calcium carbonate 9.20 1.05

Ca(++) Calcium 5.60 0.64

NO(3-) Nitrate 2.00 0.23

SiO2 Silicon dioxide 0.60 0.07

NH(4+) Ammonium 0.35 0.04

F(-) Fluoride 0.14 0.02

Sr(++) Strontium 0.07 0.01

Fe(++) Iron 0.03 0.003

Total 872.59 100  
 

5.1.2 Non-Desalinated Water 

Non-desalinated water supply system uses direct seawater in the processing of the 

ore. The main technical challenge in the non-desalinated water supply system is 

the corrosive effect of seawater due to the high chloride content which is present 

at a concentration of 20 g/l. Due to this, pipes require special constructing 

materials when direct seawater is used. In the non-desalinated system, seawater is 

pre-treated after the intake similarly as in the desalinated system except for 

removing of the ions. Anti-corrosion chemicals might be added after the pre-

treatment to reduce wear and tear on the pipeline system that takes the water to the 

mill site. (Parraguez and Bernal 2009, Philippe 2009) 

Ions of dissolved salts can increase or decrease the viscosity of the solution. The 

salts of small ions such as Li
+
, Mg

2+
, F

-
 and Cl

-
 increase the solution viscosity 

(Ozdemir, 2010). Viscosity of seawater is different than that of fresh water. 

Viscosity in seawater is measured to be 8 % greater over the fresh water at the 

temperature of 15 ºC (Philippe 2009). Viscosity has an impact on the flowing 

properties and is strongly dependant on temperature (Lukkarinen 1984; 32). In 

addition, it is reported that the greater viscosity might have a negative effect on 

some of the unit processes e.g. thickening, flotation and filtration (Philippe 2009). 
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The specific density of seawater is greater due to the dissolved ions, which brings 

additional weight about 30 kg/m
3
 compared to fresh water. Percentual difference 

between the specific densities is 3 % greater in seawater at the temperature of 15 

ºC. Although the differences in viscosity and specific density seem to be small, 

one should not forget the fact that these parameters are directly related to the 

pumping costs. It is important to remember that water recycling at the mill site 

requires continuous pumping too. (Philippe 2009) 

High quality water is needed in every mining project at least for the human 

consumption. Therefore, smaller inland desalination plant might be needed also in 

the non-desalinated water system. In addition to producing drinking water, 

purified water may be required in the reagents preparation, specific flotation 

processes and electrowinning. For example, at the Minera Esperanza project 8 % 

of the pumped seawater accounting for 630 l/s will be desalinated for human 

consumption and for concentrate washing. In few plants, the desalinated water is 

used in the moly plant flotation in order to achieve a sufficient recovery for 

molybdenum. (Aral 2010; Philippe 2009; Global Water Intelligence 2011) 

One aspect that can increase water consumption in non-desalinated system is the 

scaling of salts in the pipelines and pumping equipment. As the seawater contains 

salts over 30 kg/m
3
, it is expected that scaling of sulfates and carbonates may 

occur. Hence, washing installations are needed in removing of the contaminants. 

Washing consumes water, which means more water is required compared to the 

desalinated water system. (Philippe 2009) 

5.2 Circulation and Re-use 

Many mining operations have designed water circulation schemes, which will 

reduce seawater intake substantially. In this type of new operations, the conveyed 

water from the sea level to the mill site may only represent 15-20 % of the total 

water flow that is being used in the process (Philippe 2010). 

Water sparing circulation at the mill site can be managed by the use of ponds or 

tanks, wherein pumped seawater can be stored and mixed with circulated process 

water. A relatively small Cu-Mo mineral processing plant, Las Luces (Chile), 
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shows a good example of a continuous non-desalinated seawater circulation that is 

organized with two ponds and one tailings dam. Two ponds should be sufficient 

for establishing an efficient water circulation at the mill site where seawater is 

used. Another direct seawater using concentrator, Minera Esperanza (Chile), uses 

same type of water recycling system. (Moreno 2011, Global Water Intelligence 

2011) 

Following description of the water circulation at the mill site is illustrated in 

Appendix 1: Seawater Circulation Scheme at the Mill Site. The flow sheet of Las 

Luces, which is direct seawater operating concentrator, is used as a basis of the 

illustration. 

Conveyed seawater to the site is firstly discharged and retained in a raw seawater 

storage pond. The purpose of the storage pond is to regulate the amount of new 

water that enters into the internal water circulation. Seawater from the storage 

pond may be used in other water requiring tasks, such as dust suppression at the 

crushing stage, road irrigation and seal water for pumps. (Moreno 2011, 

COCHILCO 2009) 

A blender has the leading role in the controlling of the circulated water. In the 

blender pond, raw seawater from the storage pond, recycled water from tailings 

and recycled process water from thickeners and filters are mixed together. The 

blender pond is the source and the regulator of the process plant feed water. 

(Moreno 2011) 

Process plant requires water in grinding, flotation, classification and transportation 

of the slurries. Thickeners and filters are used to recover excessive water. 

Flotation is the most significant water consumer as it typically requires 2 to 3 m
3
/t 

of water. At flotation stage, pulp contains 10-40 % of solids. Transportation of 

concentrate and tailings slurries coming from flotation is carried out by the same 

water that is used in flotation. (COCHILCO 2009) 

The concentrate from flotation is subsequently taken to thickening, which purpose 

is to recover excessive water and increase the solids percent up to 45-55 %. After 

thickening, the concentrate and tailings are carried to filtration, which purpose is 
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to recover water e.g. with the use of filter cloths, and the concentrates moisture 

content is reduced down to 10 %. Remained water is bound to minerals and 

cannot be removed by thickening or filtration. (COCHILCO 2009) 

The wastewater generated in the process plant is discharged into the tailings dam, 

which function is to reserve and clarify water by the settling of solid matter. After 

settling, most part of the surface water is possible to recycle from the tailings dam 

back to the industrial water pond. Respectively, the concentrates from flotation are 

first off discharged to the thickener and subsequent filtration, and then the 

recovered water is recycled back to industrial water pond. (COCHILCO 2009, 

Moreno 2011) 

Described circulation involves recirculation of the water from tailings dam, 

thickeners and filters. This scheme is used in the two direct seawater using 

concentrators, where seawater/process water is not diluted with fresh water in any 

part of the process. Las Luces process plant uses daily 6250 m
3 

of seawater. New 

seawater used in the process plant accounts 38 % of the total feed. Recycled 

tailings dam water accounts 59 % and recycled process water from thickeners and 

filters accounts 3 % of the total water feed to process plant. (Moreno 2011) 

5.2.1 Water Losses and Quality Variations 

Water is lost in different parts of the circle. If water surface is freely in the warm 

climate, evaporation takes place. At the mill site water is removed by evaporation 

from the thickeners, tailings dams and ponds. Evaporation is detrimental for site 

water balance because the water is annually removed considerably amounts, 

which leads to an increased pumping costs. 

In non-desalinated plant water supply system, evaporation is observed to be 

slower than in desalinated water. On the other hand, salt concentration of the 

process water varies over time in non-desalinated system due to the evaporation 

and internal water circulation. At the Las Luces plant, the salt content of the 

process water increased from 36 g/l to 46.4 g/l in 15 years due to the evaporation, 

though it has been reported that the increase in salt concentration has not been 

affecting the metallurgical results. (Philippe 2009, Moreno 2011) 
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Infiltration is the process by which water absorbs into the soil by gravity and 

capillary action. Infiltrations can be produced in the case of underground water 

source. In some cases tailings dam and/or thickeners are located much below the 

respective concentrator plant, so the pumping of the recycled water back to 

process becomes too expensive. In that event, the lost water amount increases 

remarkably. Water is also lost with the concentrate current, because concentrate 

contains typically 8-16 % of bound water. Because of the moisture, concentrate is 

dried prior to sequential treatment. (COCHILCO 2009, Lukkarinen 1987, 335) 

The chemistry of seawater is basically quite complex due to the various dissolved 

ions. However, the chemistry of the recirculated process water may differ from 

the raw seawater, because of accumulated mining chemicals, their decomposition 

products, inorganic ions dissolved from minerals, colloidal particles etc. 

Metallurgical performance of the process might be affected by these species. 

(Aaltonen 2011a) 

In the process plant, ore and reagents are mixed with water, which is the main 

reason for the water quality variations. Thiosalts, copper, sulfur and calcium 

species may be dissolved from the copper ore to water. Addition of chemicals 

used in the flotation may accumulate organic and inorganic species into reused 

process water. For example, addition of lime used for the pyrite depression in 

flotation of Cu-Mo ore may accumulate calcium in the process water. Unwanted 

constituents can build up in process water due to the re-use and eventually affect 

the flotation performance. (Aaltonen 2011b, Liu 2013) 

The use of multiple sources of raw water may also affect the process water 

quality. Multiple sources for the plant water are many times used in the arid 

zones, where primary source could be raw seawater and secondary source is 

surface water, groundwater or third-party water that is, for example, make-up 

water from the desalination plant. The usage of separate sources causes variation 

in the process water quality. (Liu 2013)  
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6 FROTH FLOTATION IN SEAWATER 

Oceans hold about 96.5 to 97.5 % of the earth’s water meanwhile natural liquid 

fresh water accounts for only around 0.5-0.8% of the total water on the earth 

(Sverdrup 1942). The lack of available fresh water sources has been globally 

increasing. Fresh water demand from the mining industry has led to the creation 

of new projects, which aim is to evaluate sustainable water supply solutions. 

Some of the mining projects have been using seawater only in their side 

operations, for example in washing and gravity separations. However, the use of 

seawater and highly saline bore water has already been applied in some 

beneficiation plants in all unit processes including froth flotation. In fact, the use 

of seawater in froth flotation is not a new idea, because it was firstly used in the 

small copper plants in Chile in the 30’s. (Burn 1930, Aral 2010, ICMM 2012) 

Flotation in seawater is observed to have differences compared to fresh water due 

to the different kind of chemistry of the two mediums. High inorganic electrolyte 

concentrations have been reported to have an effect to froth forming, froth 

thickness, coalescence of the bubbles, electrical double layer and reagents activity. 

Lately, several researches have been focusing on studying the size of the 

generated air bubbles in pulp, because the bubble size has been studied to 

decrease in seawater. (Manono 2013, Wang 2013) 

Behavior of the salts in water is known to be complementary to the behavior of 

frothers (Yoon 1982, Laskowski 1965). For example, the Raglan concentrator in 

Canada processes a copper-nickel ore and is able to operate without any frother 

addition due to the high salinity in water (Quinn, 2007). On the other hand, at very 

high salt concentrations the foamability has been noticed to diminish. 

Seawater applied to flotation systems has many positive experiences among 

different type of ores. Rey and Raffinot (1966) remarked that the base metal 

sulfide ores (e.g. Cu-Pb-Zn and Pb-Zn) floated successfully by xanthates in water 

with increased electrolyte concentrations. The beneficial effect of saline water in 

the coal flotation has been known a long time. In the coal flotation, saline water 

remarkably increases the recovery of mineral matter (Wang, 2013). In addition, 
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Peng and Zhao (2012) noticed in their experiments, that the selective flotation of 

nickel and copper ores were significantly improved in saline water. 

Unsurprisingly, all the ores do not behave as favorably as coal in seawater, and 

successful flotation in seawater seems to depend largely on the type of ore and 

minerals content. Seawater has been considered to be harmful for the flotation of 

the Cu-Mo porphyry ore. Previous studies of the Cu-Mo ore flotation in seawater 

have emphasized that copper sulfides recovery is only slightly disturbed in 

seawater at a wide pH range, while the recovery of molybdenite suffers when lime 

is used to depress pyrite (Parraguez and Bernal 2009, Castro 2012). Increased 

lime consumption in seawater and poor floatability of molybdenite have been 

claimed to be the major challenges in the Cu-Mo ores flotation in seawater. 

In the chapter 6.1 the effect of inorganic electrolytes in flotation are discussed. 

The ore in focus is the Cu-Mo ore, which flotation performance in seawater is 

discussed in the chapter 6.2. 

6.1 Effect of Dissolved Salts in Flotation 

Dissolved salt concentrations are the main parameters which affects to water 

quality. Reported studies show that a high concentration of ions in water modifies 

the bulk and interfacial water structure (Ozdemir 2010). The water quality has a 

direct impact on specific gravity, viscosity, chemical buffering effects, product 

and by-products contamination, corrosion, scaling, evaporation and capillary 

forces (Philippe 2010). 

The dissolved salts are ionic species in water, which have negative or positive 

charge. These species are hydrophilic and may adsorb on the mineral surfaces that 

have opposite charge. In salt flotation, high salinity could be affecting the 

collector adsorption on the minerals. Ozdemir (2010) noted that “at high salt 

concentration, the zeta potential is almost zero, the electrical double layer is 

compressed, and the solubility of collector is limited”. However, the salinity must 

be much over the salinity of seawater in order to affect the solubility of collector. 

Flotation requires generating of stable air bubbles, which behavior is affected in 
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saline solutions. Hence, the dissolved salts may have a major effect on the 

flotation performance. 

Process water includes dissolved salts, especially in the case where seawater is 

used as a primary source. The concentration of ions may build up even higher if 

an efficient water recirculation is designed at the mill site. The dissolved salts 

have been observed to affect differently in oxides, silicates, sulfides and salt 

minerals flotation systems. 

6.1.1 Buffering Effect of Seawater 

The buffering capacity represents how much acid or base can be added to a buffer 

solution without remarkable fluctuations in the pH rate. The buffering capacity 

can also be called as alkalinity. Fresh water is not a buffer solution, because if a 

small quantity of acid or base is added to pure water, the pH rate quickly changes 

due to the number of changes that occur between H
+
 and OH

-
 ions present. The 

pH change is small if the acid or base is added to a solution containing a weak 

acid and its salts, or a weak base and its salts. (Sverdrup 1942, 202, Advanced 

aquarist 2008) 

The pH is a measure of acidity and alkalinity of water soluble substances, and it is 

presented as a number from 1 to 14. It is defined numerically as the negative 

logarithm of the concentration of H
+
 ions. Seawater has a natural pH of around 

7.8-8.2. The pH of seawater is a function of temperature, salinity and the partial 

pressure of carbon dioxide in the atmosphere. The reasonably high alkalinity of 

seawater prevents changes in the pH. (Sverdrup 1942, 193) 

Seawater is a buffer solution due to the salts of weak acids containing carbon, 

boron, phosphorus, arsenic and silicon. Carbonic and boric acid are present in 

seawater in sufficient concentrations to affect the alkalinity of the medium. 

(Sverdrup 1942) Seawater contains bicarbonate-ions 0.146 g/L and borate-ions 

0.026 g/L (D1141-98 2013). Boron is mainly in the form of boric-acid B(OH)3 

and borate B(OH)4
-
. When the pH is lower than 8.6, more of boric acid is found 

than borate. Klochko (2006) noted that “in modern seawater, which pH is 8.2, 

borate ion comprises 28.5 % of boron species, assuming the dissociation constant 
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for boric acid is pKB = 8.597 (at 25 ºC).” Dissolved boron in seawater strengthens 

the buffering capacity of seawater, although it represents only 5 to 6 % of the total 

alkalinity. (Sverdrup 1942, Zeebe 2001, Klochko 2006) 

Carbonate system is suggested to be the major reason for the alkalinity of 

seawater. Carbon is mainly in the form HCO3
-
 or CO3

2-
 in seawater. The carbon 

dioxide equilibrium in seawater can be depicted as follows. (Sverdrup 1942, 

Advanced aquarist 2008) 

𝐶𝑂2(𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑) ⟺ 𝐻2𝐶𝑂3 ⟺ 𝐻𝐶𝑂3
−(𝑏𝑖𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒) ⟺ 𝐶𝑂3

−(𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒) (1) 

Dissolved organic carbon is defined as the sum of CO2 in solution. Figure 9 shows 

relative proportions of CO2 species in seawater. As can be seen from Figure 9, at 

the natural pH of seawater mostly HCO3
-
 is present. According to Figure 9, 

approximately 80 % of the CO2 in seawater is bonded to HCO3
-
 ions and 20 % is 

bonded to CO3
2-

 at the pH 8.2. 

 

Figure 9. Carbonate system. Dashed line at pH 8.2 is the natural pH of 

seawater. Values are calculated for salinity 3.5 %, temperature 25 ºC and 

pressure 1 atm. (Advanced aquarist 2008) 

If an acid is added to solution, HCO3
-
 is converted to CO3

2
, and relatively few 

additional hydrogen ions are set free. If a strong base is added, the OH
− 

ions 
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formed in the hydrolysis of the carbonate increases only slightly (Sverdrup 1942, 

192). The carbonate and borate system of seawater explains why seawater 

prevents increasing pH values. 

6.1.2 Bubble Coalescence and Frothing Properties 

The bubble size and froth stability have an effect on all the sub-processes in 

flotation system which take part in froth forming and recovering of the particles, 

such as particle-bubble adsorption and transferring of the particles to the froth 

phase. Size of the bubbles and froth stability are determined by bubble 

coalescence. Coalescence is the process by which bubbles combine together and 

form a new single bubble. Froth flotation requires small fine bubbles that do not 

coalesce easily and which can transport particles to the stabilized froth phase. 

Frothers are used to generate fine bubbles and form a stable froth on top of the 

cell. In distilled water, the bubble size strongly depends on the frother 

concentration. (Cho and Laskowski 2001, Castro and Venegas 2010) 

Saline solutions have been known to hinder bubble coalescence (Lessard and 

Zieminski, 1971, Craig 1993, Laskowski et al. 2003, Bournival 2012). The 

hindered coalescence may reduce bubble size. In fresh water, the colliding air 

bubbles will combine as soon as they are contacted. On the contrary, in electrolyte 

solutions such as seawater, the coalescence of bubbles is hindered and combining 

does not happen so often. Bournival (2012) noted that the reasons for the effect of 

dissolved salts are not yet understood, and the exact mechanism by which bubble 

coalescence is prevented in saline waters is still debated. 

Hindered coalescence of bubbles means that the foaming properties are improved 

during the froth forming. Foaming properties of seawater and fresh water can be 

said to be different due to the different electrolyte concentrations. The difference 

is easy to understand when thinking of a wave, which is coming from the ocean to 

the shore, and the foaminess which such wave produces can be envisioned to be 

quite different than the same type of wave generated in fresh water. Dissolved 

salts have pretty much same kind of impact on the bubble coalescence than 

frothers do, even though the mechanism behind it might be different. In seawater, 
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mainly the inorganic electrolytes quantify the bubble size, and the effect of frother 

is only minor. (Castro and Venegas 2010, Laskowski 2003) 

In many beneficiation plants, the used process water includes dissolved salts. 

Quinn (2007) defined that the effect of inorganic electrolytes and frother were 

similar for 0.4 M NaCl and 10 ppm MIBC. Froth structure, bubble size 

distribution and froth overflow rate appeared to be the same meanwhile sulfide 

ore was floated. This observation indicates that flotation in seawater may require 

lower consumption of frother. 

The bubble coalescing phenomenon is a complex process when frother is added to 

saline water, because both of them, salts and frother, are able to inhibit 

coalescence. Currently, there are flotation plants in operation, which do not 

require any frother addition in the flotation circuit due to the high salt content in 

process water. (Quinn 2007, Castro and Laskowski 2011a) 

6.2 Flotation of Cu-Mo Ore in Seawater 

In the year 2013, flotation of Cu-Mo porphyry ore was knowingly carried out in 

seawater by a few concentration plants, which were all located in Chile. The flow 

sheets employed for the processing of Cu-Mo porphyry ore in seawater are the 

same as is conventionally used in fresh water flotation, which consists of 

roughing, cleaning and scavenging operations. 

Copper sulfides flotation in seawater has been investigated comprehensively by 

Castro (2012). Referring to his experiments, chalcopyrite was observed to not 

being very sensitive to the varying pH of the seawater solution, and the recovery 

of chalcopyrite was nearly the same as was achieved in fresh water. In the case, 

where chalcocite and covellite were the primary copper minerals, the recovery 

fluctuation was more intense at a wide pH zone. At the pH 10, copper recovery for 

the ore containing chalcocite and covellite was even better in seawater than in 

fresh water. (Castro and Laskowski 2011a, Castro 2012) 

The effect of inorganic electrolytes in the flotation of copper minerals seems to 

depend on the mineralogy of the copper sulfides. In addition, the ore is always 
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unique, and for example the Cu-Mo ore excavated in Russia or Africa might have 

largely different flotation properties. 

Chemistry of fresh water differs from seawater due to the different components 

and concentrations in the mediums. Increased pH in seawater has been observed 

to cause problems due to the ions that are able to react with the supplied OH
-
 ions. 

This may impose some limitations on the use of lime that is globally used in the 

conventional Cu-Mo flotation process as a pyrite depressant. 

6.2.1 Use of Lime in Seawater 

Calcium hydroxide (Ca(OH)2) has two important functions in conventional 

flotation of the Cu-Mo ore. Commonly lime is used as a pH modifier of the 

solution as well as a depressing agent for pyrite in most sulfide concentrators. For 

porphyry ores flotation in fresh water, depression of pyrite is not requiring such 

alkaline pH, but at higher pH the froth is claimed to have better carrying power 

and more stable form. (Bulatovic 2007, 248-249) 

Ca(OH)2 dissolves in water as follows: 

𝐶𝑎(𝑂𝐻)2 ⟹ 𝐶𝑎2+ + 2(𝑂𝐻)−  (2) 

In conventional bulk-sulfide fresh water flotation, naturally hydrophobic 

molybdenite is floated with copper sulfides, while most of the pyrite is depressed. 

Generally, the flotation of the Cu-Mo ore is carried out at pH above 10 in rougher 

stage, and at pH 11 to 12 in cleaner and scavenger stages, because the best pH 

range for pyrite depression is observed to be between 10 and 12. In seawater 

flotation of the Cu-Mo ore, it seems that the two important tasks of lime are in 

contradiction with each other, which forces plants to use lower pH rates. 

(Bulatovic 2007, 248-249, Parraguez and Bernal, 2011, Castro 2012) 

The buffering effect of seawater might be detrimental, when lime is used to 

depress gangue sulfide minerals. The buffering capacity prevents changes in the 

pH, thus lime consumption has been observed to increase significantly when the 

pH is adjusted to the levels, which are traditionally used in the flotation of copper 

sulfides. The experiments carried out by Castro (2012) showed that lime 
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consumption increased about 10-fold to reach the pH 10 (at 25 ºC) in seawater, 

which is believed to be related to the buffering action of seawater. 

The dissolved OH
–
 ions that are supplied to the natural seawater by the addition of 

Ca(OH)2 will initially react with the bicarbonate ions. Carbonate-ions are formed, 

and the concentration of free OH
−
 ions formed in the hydrolysis of the carbonate 

increases only slightly. Hence, the pH of seawater is not affected much by a small 

dosage of lime. (Sverdrup 1942, Castro 2010, Parraguez and Bernal 2011, Castro 

2012) 

Seawater includes magnesium ions in the concentration of 1.33 g/L (Table 2). 

Regarding to Sverdrup (1942), the ionic product of magnesium hydroxide 

(Mg(OH)2) will exceed the solubility product at pH higher than 9.0. The solubility 

product for Mg(OH)2 in seawater with salinity of 35 % is 𝐾𝑠𝑝𝑀𝑔(𝑂𝐻)2 = 5 ∙

10−11 (Sverdrup 1942). If the pH is raised at zone over 9, the OH
-
 ions begin to 

react with the free Mg
2+

 ions by forming magnesium hydroxide complexes. This 

may result in the precipitation of Mg(OH)2. Pourbaix electrochemical diagram for 

magnesium (Figure 10.) introduced by Parraguez and Bernal (2009), shows the 

stability zones of magnesium species in the solution as a function of their 

concentration and the temperature of the solution. Figure 10 shows that 

magnesium is found with many species, which consumes large quantities of 

hydroxyl ions. The hydrogen electrode has been reported to be used as a reference 

in the making of this figure. 

Carbonate ions (CO3
2-

) may produce carbonate complexes with Mg
2+

 and Ca
2+

, if 

the pH is increased from the seawater’s natural state. At the pH above 9, the 

concentration of HCO3
- 
has diminished, and CO3

2-
 concentration has increased, as 

one can remember from Figure 9. The concentration of ions HCO3
- 
and CO3

2-
 are 

equivalent at pH 10.33 in fresh water (Castro 2012). However in seawater the 

equivalent point is approximately at pH 9.3, as is shown in Figure 9. (Sverdrup 

1942, Castro 2010, Parraguez and Bernal 2011, Castro 2012) 
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Figure 10. Electrochemical diagram for magnesium in saline solution 

(Parraguez and Bernal, 2011). 

Ca
2+

 ion is suggested to be the pyrite surface modifier and is found to be available 

in a wide pH range (Parraguez and Bernal 2011). At a pH below 12, free Ca
2+

 

cations are able to adsorb on the pyrite surfaces and depress them. Ca
2+

 ions 

dissociated from calcium hydroxide, and also Ca
2+

 ions naturally present in 

seawater might be reacting with the negative seawater ions, such as Cl
-
, BO3

-3
, 

CO3
2-

 and HCO3
-
. These anions have tendency to react with Ca

2+
, and form 

precipitating salts onto the minerals. As can be seen in Figure 11, saline solution 

includes various mineral species where calcium is present. Mainly these species 

are formed by carbonate and magnesium. Aqueous compounds, such as CaCO3, 

CaMg3(CO3)4, CaHCO3 and KCaCl3 may occur in seawater in a wide pH range. 

Solubility product of calcium hydroxide is 𝐾𝑠𝑝𝐶𝑎(𝑂𝐻)2 = 5,02 ∙ 10−6, so it can 

be expected that Ca(OH)2 is partly in a solid form above the pH 12. (Parraguez 

and Bernal 2011) 

The carbonate system and borate-ions, and the secondary ions, such as 

magnesium, seem to consume hydroxide ions. Hence, the lime consumption might 

be multiplied in seawater. Ca
2+

 ions in seawater are not only focusing on the 

depression of pyrite, due to the various anions existing in seawater, which might 

lead to poor pyrite depression. Depression of pyrite may also be due to a leached 

copper (Parraguez and Bernal 2011). Various seawater ions might leach out a 

small amount of copper from minerals, which can precipitate onto the surface of 
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pyrite. Precipitated copper reacts with the copper collector chemicals, so that the 

recovery of pyrite increases (Parraguez and Bernal 2011). 

 

Figure 11. Electrochemical diagram for calcium in saline solution (Parraguez 

and Bernal, 2011). 

 

6.2.2 Floatability of Molybdenite 

According to flotation experiments conducted by Castro (2012), it seems that the 

floatability of molybdenite is not disturbed by the varying pH of fresh water 

solution, so that the cleaning stages can be carried out even at the pH 12. 

However, it is claimed that optimum pH area in fresh water for molybdenite is in 

the range of 7 to 8 (Danafloat 2013, Bulatovic 2007). 

Primary ions of seawater are Na
+
 and Cl

-
 that make up the most part (approx. 86 

%) of the total salinity. Secondary ions Mg
2+

 and Ca
2+ 

are naturally present in 

seawater with relatively high concentrations containing approximately 1.3 g/l of 

Mg
2+

 and 0.4 g/l of Ca
2+

 (Table 2.). The OH
-
 ions deriving from the added 

Ca(OH)2 might be partly consumed by the secondary ions of seawater. The 

secondary ions can thus form colloidal precipitates, carbonates and sulfates, which 

begin to form at pH higher than 9. The precipitates such as magnesium hydroxide, 

calcium hydroxide, calcium sulfate, magnesium sulfate, calcium carbonate and 

magnesium carbonate may begin to form in the solution. (Parraguez and Bernal 

2011, Castro and Rioseco 2012) 
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In seawater, the considerable depression of molybdenite has been observed to 

begin at pH zone 9 to 9.5 (Castro 2012). A reason for the depression of 

molybdenite might be the compounds that can precipitate onto the surface of 

molybdenite and render them hydrophilic. Castro and Laskowski (2011) and 

Ramos and Castro (2013) showed that the flotation of molybdenite is very 

sensitive to magnesium hydroxyl-complexes and colloidal magnesium hydroxide. 

Also, it is known that Mg(OH)2 exceeds the solubility product at pH higher than 

9.0 (Sverdrup 1942). The surface precipitation and/or hetero-coagulation of 

colloidal Mg(OH)2(s) has been claimed to be the main depression mechanism. The 

magnesium depresses molybdenite by the formation of MgOH
+
(a), that adsorbs on 

the molybdenite surface. The subsequent precipitation of colloidal Mg(OH)2(s) 

may form an hydrophilic coating on the molybdenite particles. (Castro and 

Rioseco 2012) It has been observed that recovery of molybdenite declines rapidly 

above the pH 9 where these compounds appear in the flotation system. (Castro 

and Laskowski 2011b, Castro 2012, Ramos and Castro 2013) 

Typically very thin molybdenite particles are produced in the grinding. 

Molybdenite particles have long faces which are hydrophobic, and small edges 

which are hydrophilic. Particles with high face/edge ratio will attach to air bubbles 

more probably. Zanin (2009) remarked that hydrophobicity of molybdenite might 

be reduced if metal cations, such as Ca
2+

, adsorb at the edges. He noted that 

“adsorbed Ca
2+

 -ions on the particle edges may reduce the contact angle and 

floatability of molybdenite.” 

In addition to magnesium and calcium, seawater contains other secondary ions 

which are present in relatively high concentrations, such as SO4
2-

 and HCO3
-
. 

However, bicarbonate and sulfate ions have not been studied to have negative 

effect on the floatability of molybdenite up to pH 12. (Castro and Rioseco 2012) 

The presence of suspended solids and micro-organisms in seawater may also have 

effect on the floatability of molybdenite. Flotation experiments conducted in river 

water by Sinche et al. (2013) showed that the molybdenum recovery was 

improved when these elements were removed by filtration and activated carbon. 
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EXPERIMENTAL WORK 

7 EXPERIMENTAL PROGRAM 

In order to understand the challenges faced in flotation in a seawater medium, 

laboratory rougher flotation experiments were conducted at Outotec Research 

Center at mineral processing laboratory in Pori. 

7.1 Aims 

Conventional flotation of Cu-Mo ore is known to be challenging, if the medium is 

highly saline water. The main object of the experimental work was to find out the 

flotation properties of the Cu-Mo ore in rougher flotation, when synthetic 

seawater was used as a medium. 

The ore sample was delivered from a pilot facility located in Santiago, Chile. The 

ore was a porphyry Cu-Mo ore excavated from the Sierra Gorda deposit. Flotation 

chemicals and dosages were selected on the basis of the information received 

from the people involved in the Sierra Gorda project. Collector chemicals were 

provided by mining chemical companies Cheminova and Cytec. The methods 

used in the experimental work were the preparation of synthetic seawater, the 

preparation of the ore samples, the grinding time estimation and the flotation tests. 

The flotation tests comprised of two phases. In the first phase, the effect of using 

seawater as process water was investigated by using different type of collectors. 

The efficiency of six collectors was compared by performing flotation tests under 

similar flotation conditions. The most efficient collector was selected for the 

second phase. 

The aim of the second phase, which was named as the lime test series, was to 

detect the lime consumption in synthetic seawater and tap water meanwhile the 

Cu-Mo ore was floated. The most important objective of the second phase was to 

study the effect of varying lime dosages in recoveries and grades of molybdenum, 

copper and sulfur. 
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7.2 Materials 

7.2.1 Ore 

A total of 120 kg of Cu-Mo porphyry ore was received in Outotec Research 

Center in June 2013. The ore was in the size range of 100 % under -6 mm, and 

was initially stored in the cold room to prevent oxidation. The natural pH value of 

the ore was measured to be 7.9. Measurement was carried out by grinding the 

sample 15 min and diluting it to water with solids content of 32 %. 

7.2.2 Synthetic Seawater 

Synthetic seawater is a mixture of dissolved mineral salts that simulates real 

seawater. A total of 200 liters of substitute seawater was prepared in the ORC 

laboratory for the flotation test work on the Cu-Mo ore. Formula for synthetic 

seawater was taken from the ASTM standard D1141-98. The standard covers the 

preparation of solutions containing inorganic salts in proportions and 

concentrations representative of ocean water. Since the concentrations of seawater 

vary with sampling location, the gross concentration employed in the standard is 

an average of many individual analyses. Trace elements occurring naturally in 

concentrations below 0.005 mg/l are not included. 

The mass of each salt was calculated for 200 l and with salinity of 3.6 % by using 

values of atomic and molecular weights. The formula for 200 l of synthetic 

seawater with salinity 3.6 % is given in the Table 4. The recipe consists of 

anhydrous salts; NaCl, Na2SO4, KCl, NaHCO3, KBr, H3BO3, NaF and salts that 

contain water of hydration; CaCl2 and SrCl2. 
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Table 4. The formula for 200 l of synthetic seawater, and mol concentrations 

of the ions. 

Salt

g / 200 kg 

of 

solution

NaCl 4906

MgCl2 1040

Na2SO4 818

CaCl2·2H2O 307.4

KCl 139

NaHCO3 40.2

KBr 20.2

H3BO3 5.4

SrCl2·6H2O 8.4           

Ion mol/l

Cl(-) 0.55953

Na(+) 0.47990

SO4(2-) 0.02882

Mg(2+) 0.05462

Ca(2+) 0.01043

K(+) 0.01017

HCO3(-) 0.00239

Br(-) 0.00085

BO3(3-) 0.00044

Sr(2+) 0.00016

F(-) 0.00007  

Reagent grade chemicals and de-ionized water were used in the preparation of 

synthetic seawater. First off, de-ionized water was weighed in small parts (10 kg) 

by using a smaller vessel. Basically, de-ionized water is slightly less dense than 

tap water, but for the practical purposes, de-ionized water was assumed to be 1 

kg/L. Weighed portions were poured to a volume of 200 l barrel which was sealed 

by a lid to reduce oxidation. 

Three separated and concentrated stock solutions were prepared to avoid 

precipitations of calcium/strontium carbonates and sulfates. Three containers (2 x 

10 l, 1 x 20 l) were filled with the de-ionized water from the barrel. Salts were 

added to containers slowly with vigorous stirring by a mixer. After mixing the 

stock solutions, they were poured in the barrel where the rest of the de-ionized 

water was kept. The barrel with the synthetic seawater was placed in the cold 

room to reduce oxidation. Stock solutions are listed in the Table 5. 

Table 5. Stock solutions for 200 liters of synthetic seawater 

Container 

No. 1 (20 l) g

Container 

No. 2 (10 l) g

Container  

No. 3 (10 l) g

NaCl 4906 MgCl2 1040 KCl 139

Na2SO4 818 CaCl2·2H2O 307.4 NaHCO3 40.2

SrCl2·6H2O 8.4 KBr 20.2

H3BO3 5.4  
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Elemental analysis was done for the synthetic seawater to check the 

concentrations. Determined ion concentrations are shown in the Table 6. A 

percent error between the exact value (Table 2.) and approximation is shown in 

the right column. 

The pH of synthetic seawater was measured to be 8.10, and total organic carbon 

(TOC) was 1.51 mg/l. Microbiological growth can be monitored by measuring the 

TOC from water. Total organic carbon presents how much carbon is bound in the 

organic compounds, and it can be used as a non-specific indicator of water 

quality. Pollution of the water was prevented by keeping the barrel in the cold 

room and keeping the lid on. Total organic carbon of the water was measured 

again after 3 months had elapsed from the preparation. The TOC-rate was 

observed to be increased from 1.51 mg/l to 2.84 mg/l. 

Table 6. Determined ion concentrations in synthetic seawater, and the 

percent error between the exact values (ASTM Standard D1141-98) and 

approximations. 

Ion g/l %

Cl(-) 18.7 6

Na(+) 11.03 0

SO4(2-) 2.86 3

Mg(2+) 1.29 3

Ca(2+) 0.392 6

K(+) 0.387 3

Br(-) 0.081 19

B(+) 0.0045 n/a

Sr(2+) 0.012 13

F(-) < 0.01 n/a  

 

7.2.3 Tap Water 

The effect of water quality in the flotation of Cu-Mo ore was compared between 

synthetic seawater and ORC tap water. The chemical assays of the ORC (Pori) tap 

water are shown in Table 7. The pH was measured to be 8.1. 
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Table 7. The chemical assays of ORC tap water (Aaltonen 2011a, Aaltonen 

2011b). 

Component Concentration Unit

NO3- < 5 mg/l

SO4 2- < 33 mg/l

Cu < 0.025 mg/l

Al < 0.02 mg/l

Ca < 60 mg/l

Fe < 0.05 mg/l

Mg < 0.026 mg/l

Pb < 2 μg/l

Zn 0.16 mg/l

TOC 2.2 mg/l  

 

7.2.4 Reagents 

The following reagents were used in the experiments. Collectors: Cheminova 

PEX (potassium ethyl xanthate), Cheminova PAX (potassium amyl xanthate), 

Aero 3894A (isopropylethyl thionocarbamate), Cheminova D-262E 

(thionocarbamate), Cheminova D-233 (dithiophosphate), Cheminova D-871 (a 

blend of thionocarbamate and mercaptobenzothiazole). Diesel oil was used as a 

molybdenite promoter. MIBC (methyl isobutyl carbinol) was used as frother. 

Calcium hydroxide Ca(OH)2 was used as pH regulator and pyrite depressant. 

7.2.5 Laboratory Equipment 

Jaw Crusher 

Crushing of the ore was conducted with the laboratory size jaw crusher. 

Ball Mill 

Grinding was conducted by using a laboratory ball mill, as can be seen in Figure 

12. Ball batch had a total weight of 11 kg, containing 42 x 27 mm and 290 x 19 

mm steel balls. 
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Figure 12. The preparations of the ball mill grinding. Accessories reading 

from left: feed sample, synthetic seawater, lime and collector dosages and 

ball mill. 

Spinning Riffler 

Spinning rifflers were used to split samples into a more suitable size. The 

laboratory spinning rifflers were equipped with stainless steel trays or glass 

bottles. The ore sample is placed on the funnel on top of the vibrating sample 

hopper, and when the device is turned on, a steady stream is produced. The stream 

is directed to drop on the rotating bottles. 

In this work, 6-fold, 8-fold, 10-fold and 24-fold spinning rifflers were used for 

different size of ore samples. For very small samples (< 50 g), the spinning riffler 

with the steel tray was employed. 

Sieves 

Wet sieving was carried out by using 1180, 850, 600, 300, 212, 150, 106, 75, 45 

and 20 μm sieves. 

Flotation Machine 

Outotec-GTK flotation machine, as shown in the left of Figure 13, was employed 

for the flotation tests. The flotation machine has automated scrapers, and an 

adjustable air/nitrogen gas flow and rotor speed rates. Water can be added 
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manually through the shaft of mixing mechanism. Square 2, 4, 8 and 16 l cells are 

available for this machine, and three different size of rotors: 45, 60 and 75 mm. 

 

Figure 13. Outotec-GTK LabCell flotation machine and froth formation in 

the flotation cell. 

 

7.3 Experimental Procedure 

Experimental procedure comprised of ore sample preparations, sample chemical 

and mineralogical analysis, optimal grinding time estimation and flotation 

experiments. In this chapter, it is demonstrated how these methods were 

conducted. 

7.3.1 Sample Preparation 

Crushing, Sieving and Splitting 

The received ore was initially split by 6-fold sample splitter into 6 batches. Three 

of these batches, which accounted a total of 60 kg, were taken to crushing and 

sieving. The ore was crushed, and then sieved with the 1.18 mm sieve. The 

fraction on top of the sieve was recycled back to the crusher until the ore did pass 

the sieve. Sampling of the material was conducted with the 24-fold sample 

splitter, and the ore was divided into samples that weighed 1.63 kg on average. 
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The sample size was chosen in order to obtain solids content of 32 % in the 

flotation cell. In addition, smaller batches were prepared for the mineralogy 

analysis by dividing one 1.6 kg batch by 10-fold sample splitter. A total of 35 x 

1.6 kg and 10 x 160 g batches (-1.18 mm) were bagged and put into the freezer to 

prevent oxidation. 

7.3.2 Sample Analysis 

Chemical Composition 

The prime objective of chemistry analysis is to determine the elemental 

concentrations of the ore feed, so that the recovery calculations are possible to 

make. Quantitative analysis of the elements present in the ore was done in the 

analytical laboratory of ORC. The feed samples were taken from 8 different 

batches. 

In order to obtain a representative ore sample, each of the selected 1.6 kg batches 

were divided by means of 10-fold spinning riffler. Then again, one part out of ten 

(160 g) was further divided by the 10-fold riffler for getting the sample that 

weighed 16 g. Swing mill was used for pulverizing the ore samples for analysis. 

The feed samples were individually ground in swing mill for 30 seconds. 

The chemical composition of the size fraction under -1.18 mm was analyzed by 

ICP-OES (inductively coupled argon plasma optic emission spectrometer) after 

total dissolution (TOT). The concentrations of the elements (Cu, Mo, Fe, Zn, Pb, 

S) were determined from the ore samples. Sulfur concentration was analyzed by 

the elemental analyzer Eltra. The results are shown in the Table 8. Samples from 

A to C were taken from the same batch, which is why the average value of A to C 

is used when the feed assays were calculated in the Table 9. Sample D was 

considered to be an error, and therefore was left out of the calculations. Reason 

for this is discussed further in Appendix 13: Source of errors. 
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Table 8. The elemental concentrations of the samples. 

Element Fe Cu Zn Mo Pb S SiO2

Unit % % % % % % %

A 4.9 0.47 0.022 0.016 0.047 1.48 60.3

B 4.9 0.47 0.024 0.013 0.059 1.64 60.8

C 4.9 0.44 0.023 0.016 0.05 1.52 60.1

D 5 0.52 0.027 0.041 0.007 2.02

E 4.9 0.5 0.017 2.09

F 4.9 0.47 0.027 0.021 <0,010 1.85

G 4.8 0.46 0.025 0.016 <0,010 1.85

H 4.9 0.49 0.027 0.015 <0,010 1.79

I 4.8 0.47 0.024 0.015 <0,010 1.98

J 4.8 0.48 0.025 0.014 <0,010 1.93  

Table 9. The calculated average concentrations of the feed. 

Element Fe Cu Zn Mo Pb S SiO2

Unit % % % % % % %

Average 4.86 0.48 0.025 0.016 0.052 1.86 60.4  

 

Mineralogy 

Mineralogical analysis is the study of materials to determine mineral composition 

and mineral structure. The objective of the mineralogical analysis is to identify the 

minerals present in the ore and observe the liberation of main minerals. In this 

thesis, the mineralogy was studied using optical microscope Zeiss Axioplan2 

equipped with AxioCam ECs 5s camera. The mineral composition of the feed ore 

was analyzed from three samples. The analyzed weight percents of the minerals 

are shown in Table 10. 

Table 10. The mineral composition of the ore (Kravtsov 2013). 

Mineral Unit Average of 3 samples

Pyrite wt % 1.97

Chalcopyrite wt % 1.33

Galena wt % 0.04

Molybdenite wt % 0.03

Sphalerite wt % 0.03

Gangue wt % 96.60

Total wt % 100.00  
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As shown in Tabe 10, chalcopyrite is the main copper sulfide. Bornite and 

covellite were hardly found in these samples. Molybdenum is duly found in 

molybdenite (Figure 14.), and pyrite is the major iron sulfide mineral. 

Chalcopyrite and pyrite minerals are pictured in Figure 15. Gangue minerals were 

mainly quartz, phlogopite, albite and magnetite. 

An optical microscopy was used for looking at the liberation study from the size 

fractions produced by wet sieving. Liberation study showed that most of the 

chalcopyrite particles were locked with other minerals in the fraction +212 μm, 

but also few liberated ones were found. In the fraction 150-212 μm, large 

chalcopyrite particles were liberated, but plenty of chalcopyrite minerals were 

locked with mainly quartz and silicates. The liberation of chalcopyrite was 

relatively good (80-90 %) in the fraction 106-150 μm. Above 90 % liberation was 

measured from the fraction 75-106 μm, and 95-100 % was fully liberated in the 

fraction below 75 μm. (Kravtsov 2013) 

  



 

60 

 

 

Figure 14. An example of disseminated molybdenite contained in host rock in 

the fraction below 1.18 mm (Kravtsov 2013). 

 

Figure 15. Chalcopyrite locked to pyrite in the size fraction under 150 μm 

(Kravtsov 2013). 
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7.3.3 Grinding Time Estimation 

Bulatovic (2007, 285) wrote that “when the ores are ground to their liberation size 

(i.e. 15-30 μm), the floatability of the individual mineral species may be 

declined.” In addition, selectivity can also deteriorate. The aim of grinding time 

estimation is to find a mean between optimal liberation size of minerals and 

energy consumption in grinding. 

The 80 % passing size (P80) is commonly used figure for determining the 

fineness of the ore. The target P80 here was 175 μm, which was also the applied 

ore fineness in the pilot tests in Santiago. The particle size distribution and P80 of 

the ore was defined by wet sieving. The feed sample fineness was studied by 

sieving 50 g of the ore (-1.18 mm). This 50 g sample was taken from one of the 

prepared 160 g feed samples by dividing it initially with spinning riffler. The 

result of the wet sieving of the feed ore is shown in the Appendix 2: Sieve 

Analysis of the Ore (-1.18 mm). The P80 of the ore sample was 773 μm. 

The optimal grinding time was sought by performing grinding tests with varying 

grinding times. A total of four grinding tests were performed with 10 min, 12 min, 

15 min and 19 min grinding. Four samples of 1.6 kg (-1.18 mm) were ground in 

the ball mill with 1.1 L of synthetic seawater as a medium. Solids content during 

the grinding tests was 60 %. After grinding, sample of 50 g was collected from 

each product. The P80 was determined from the ground samples by wet sieving 

using the sieve set mentioned in the subchapter 7.2.5 section Sieves. The results of 

the sieve analysis are shown in the Appendices 3 to 6. The graphical chart of the 

P80 as a function of time is shown in the Appendix 7. The optimal grinding time 

for achieving 175 μm P80 was found to be 12 min. 

According to mineralogical analysis, liberation of chalcopyrite for 175 μm (P80) 

was inadequate, because a large part of chalcopyrite minerals were still locked 

with the gangue particles. Hence, the grinding time was adjusted to 13 min, which 

gives the P80 of around 155 to 160 μm. 
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7.3.4 Flotation Experiments 

The Outotec-GTK flotation machine and a flotation cell of 4 l were employed in 

the laboratory rougher flotation tests. All tests were carried out at 2000 rpm rotor 

speed rate and air flow rate of 3 l/min. Scrapers were adjusted to have a stroke 

every four seconds. A single ore charge weight varied between 1600 - 1650 g. 

Target solids content was 32 %. The grinding conditions were: 60 % solids 

content, 1.1 l of synthetic seawater/tap water and 13 min grinding time. Target 

was to ground the ore to a grind size of P80 of 155 μm in a ball mill. The water 

temperature was 24 ºC. 

A flow sheet for all the flotation tests included grinding (13 min), conditioning (3 

min), and flotation (cumulative time 15 min), as is shown in Figure 16. Four 

concentrates were collected during flotation. RF stands for the rougher flotation 

and number behind is the number of concentrate. Feed for the RF1 was the ground 

pulp, which was diluted to 32 % solids content. RF2 feed is the tailings from RF1, 

RF3 feed is the tailings from RF2, and so on. Flotation time for RF1 was 1 min, 

RF2 2 min, RF3 4 min and RF4 8 min. The flotation reagents regime for the 

flotation tests was adopted from pilot tests of Santiago facility. 

 

Figure 16. Flow sheet of the flotation experiments. 

 

Flotation reagents and dosages in the six comparative flotation tests were as 

follows: 

 Collector 25 g/t 

 Diesel as a molybdenite promoter 100 g/t 

 Lime 200 g/t, 

 MIBC 20 g/t 
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Collector dosage was always added to the ball mill, so that effective mixing would 

take place, and the conditioning time would be set to minimum. PAX, PEX, D-

233 and D-871 were diluted with de-ionized water to produce 1 % stock solution 

before additioning to the mill. Aero 3894A and D-262E are classified as non-

water miscible chemicals, therefore, they were weighed and added to the mill 

without dilution to water. In addition with collector, lime was weighed and added 

to the mill. 

After the grinding, the pulp was placed in a flotation cell, and solids content was 

lowered from 60 % to 32 % by adding synthetic seawater. The pH measurement 

was performed at this point, and lime was added in order to reach the desired pH 

8.5. In the first conditioning stage, the pH was adjusted with lime, and diesel and 

frother was added. 

Diesel was added to pulp first and conditioned for 2 min. After this, 20 g/t of 

MIBC was added and conditioned for 1 min. In the end part of the conditioning 

stage, the electrochemical conditions were measured with a Pt electrode. The air 

valve of the flotation machine was opened after 3 minutes conditioning time. The 

first 30 seconds were reserved for froth building. After half minute the automatic 

scrapers were put into operation and flotation time was started. 

The pulp pH was readjusted to 8.5 throughout the experiment by adding Ca(OH)2 

in each conditioning stage. MIBC addition varied slightly depending on the used 

collector. In almost every flotation test, MIBC addition was 15 g/t in RF2 and 

RF3 stages, and during RF4 frother was not added. 

Synthetic seawater/tap water was used in each step of the process: the mill needed 

water when washing the pulp out of it, and the scrapers and the edges of the cell 

were washed occasionally during flotation. In average, a flotation test performed 

in 4 l cell and with 1.6 kg sample consumed 5 to 6 liters of water. 

After the comparative tests between six collectors were conducted and the results 

were analyzed, the two most efficient ones were selected for further tests. In order 

to select the most adequate collector for the Cu-Mo ore, two tests were conducted 

in synthetic seawater and two in tap water. The flotation reagents regime for these 
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tests was the same as in the previous test series, except for the higher collector 

dosage, that was adjusted to 40 g/t. The objective of increasing the dosage was to 

find out the optimal collector dosage that gives the best recoveries for valuable 

metals. 

Lime test series comprised 12 rougher flotation tests, of which 8 were carried out 

in synthetic seawater and 4 in tap water with varying lime dosages. Diesel and 

frother additions and dosages, pH measurements, and Eh electrode measurements 

were conducted the same way as was done in the previous flotation tests, but the 

collector dosage was 40 g. Lime was only added directly to the ball mill. The pH 

was not readjusted during flotation. The pH in the four tap water tests (Table 11: 

tests 15-18) were targeted to be 9, 10, 11 and 11.5, because flotation of the Cu-Mo 

ore is conventionally carried out at this pH range. Lime dosages of 225 g/t, 375 

g/t, 850 g/t and 1250 g/t were added in order to achieve the desired pH values. 

Note that test number 9 in Table 11 was part of the phase 1, but it was also 

included in the phase 2. In this test, the pH of the pulp was measured to be 8.7 

after milling, and lime was not added during flotation. Therefore test 9 could be 

included in the phase 2, where lime additions were only conducted at grinding 

stage. 

In order to obtain comparable lime consumption with synthetic seawater and tap 

water, and in order to detect the buffering action of seawater, 8 flotation tests were 

conducted in seawater with varying lime dosages. These tests are numbered from 

11 to 14 and from 19 to 22 in Table 11. The first four tests had the same dosages 

as was used in the tests with tap water. The last four tests, where lime dosages 

were adjusted to values of 2500 g/t, 5000 g/t, 8000 g/t and 11000 g/t, were also 

carried out in synthetic seawater. 
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Table 11. Flotation experiments. 

Test number Water Quality Collector, g/t Other reagents, g/t
Target 

pH

Seawater Tap Water PAX PEX AERO D-262E D-233 D-871 MIBC Diesel Lime

Phase1: 

Collector 

comparison

1 x 25 20 100 200 8.5

2 x 25 20 100 200 8.5

3 x 25 20 100 200 8.5

4 x 25 20 100 200 8.5

5 x 25 20 100 200 8.5

6 x 25 20 100 200 8.5

Phase 1: 

Collector 

comparison

7 x 40 20 100 200 8.5

8 x 40 20 100 200 8.5

9 x 40 20 100 200 8.5

10 x 40 20 100 200 8.5

Phase 2:  

Lime test 

series

11 x 40 20 100 225 -

12 x 40 20 100 375 -

13 x 40 20 100 850 -

14 x 40 20 100 1250 -

15 x 40 20 100 225 9

16 x 40 20 100 375 10

17 x 40 20 100 850 11

18 x 40 20 100 1250 11.5

19 x 40 20 100 2000 -

20 x 40 20 100 5000 -

21 x 40 20 100 8000 -

22 x 40 20 100 11000 -  

  



 

66 

 

8 RESULTS AND DISCUSSION 

8.1 Collector Performance 

A total of 10 rougher flotation tests were conducted for working out the most 

efficient collector for the Cu-Mo ore. The following elements, Cu, Mo, Fe and S, 

were analyzed from all concentrates and tailings. Recoveries and grades were 

calculated from the obtained assays. Recovery presents how much of a certain 

component in the feed has been percentually saved in concentrate. Results from 

the first 6 tests carried out in seawater with different collectors are shown in the 

Tables 12 and 13, and Figures 17 and 18. 

Copper recoveries with all collectors were found to be between 80 to 90 %, as is 

shown in Table 12. AERO 3894A showed the best recovery for copper, and 

maintained good molybdenum recovery, these being over 88 % for both. 

Xanthates showed a bit weaker recoveries for both valuable metals. A blend 

collector D-262E was the only collector giving over 90 % recovery for 

molybdenum. 

Grades achieved in the first six tests fluctuated between 5.6-6.6 % for copper and 

0.17-0.21 % for molybdenum, as shown in Table 13. The feed grades for copper 

and molybdenum were 0.475 % and 0.016 %, respectively. Therefore copper was 

enriched 11.8-13.9 -fold and molybdenum was enriched 10.6-13.1 -fold. 

AERO 3894A and D-233 were selected for further tests. D-262E was not selected 

although it showed the best recovery for molybdenum. This confusion is 

discussed in more detail in Appendix 13: Source of errors. The results of 

comparative tests between AERO 3894A and D-233 are shown in Table 14 and 

15. Figures 19 and 20 presents the recoveries and grades of copper and 

molybdenum achieved with AERO 3894A and D-233, respectively. According to 

Figure 19, adding greater collector dosage did not change the copper recovery. 

AERO 3894A worked almost equally in seawater and tap water, and difference in 

the copper recoveries between two collectors was minor. Molybdenum recovery 

appeared to be better in both mediums while AERO 3894 was used as collector. 

Due to these observations, AERO 3894A was selected as most efficient collector.  
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Figure 17. Copper grade as a function of recovery compared with different 

collectors. Collector dosage was 25 g/t in each test. 

 

Figure 18. Molybdenum grade as a function of recovery compared with 

different collectors. Collector dosage was 25 g/t in each test. 
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Figure 19. Copper grade as a function of recovery. Comparison of AERO 

3894 and D-233 as collectors. 

 

Figure 20. Molybdenum grade as a function of recovery. Comparison of 

AERO 3894A and D-233 as collectors. 
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Table 12. Recoveries of copper, molybdenum and sulfur with different 

collectors in synthetic seawater. Collector dosage was 25 g/t in each test. 

PAX PEX AERO 3894A D-262E D-233 D-871

xanthate xanthate thio thio+dtp dtp dtp+mbt

Cu 87 84 89 87 87 86

Mo 82 78 88 92 84 80

S 85 85 88 86 87 87

 

Table 13. Grades of copper, molybdenum and sulfur with different collectors 

in synthetic seawater. 

PAX PEX AERO 3894A D-262E D-233 D-871

xanthate xanthate thio thio+dtp dtp dtp+mbt

Cu 5.6 6.6 6.1 5.9 6.3 6.3

Mo 0.2 0.2 0.2 0.2 0.2 0.2

S 22.3 26.6 23.5 22.6 24.0 24.6

 

Table 14. Recoveries of copper, molybdenum and sulfur with AERO 3894A 

and D-233. Collector dosage was 40 g/t in each test. 

AERO 3894A AERO 3894A D-233 D-233

thio thio dtp dtp

seawater tap water seawater tap water

Cu 88 89 86 89

Mo 87 81 70 78

S 88 87 86 83  

Table 15. Grades of copper, molybdenum and sulfur with AERO 3894A and 

D-233. 

AERO 3894A AERO 3894A D-233 D-233

thio thio dtp dtp

seawater tap water seawater tap water

Cu 5.7 6.6 6.3 6.2

Mo 0.2 0.2 0.2 0.2

S 22.2 24.6 23.5 21.7  

 

8.2 Buffering Effect 

A total of 12 rougher flotation tests were conducted with the aim of observing the 

lime consumption as a function of pH in synthetic seawater and tap water. In 

addition, the elemental and mineral-specific recoveries were examined. Copper, 

molybdenum, sulfur and iron grades were analyzed from the concentrates and 

tailings. 
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Note that there are a total of 13 observation points in the Figure 17. First point of 

the tap water curve is the result of test number 9 (see Table 11). In this test, the 

pH was measured to be 8.7 after milling, and lime was not added during flotation, 

so it could be included in the lime test series. 

Lime consumption was increased significantly when the medium was synthetic 

seawater, as can be seen in the Figure 17. A strong buffering takes place in 

seawater at the pH zone 9.5 to 10. When pH is adjusted to value 10, almost 10-

times amount of lime is needed in seawater compared to tap water. 

Figure 17. Lime consumption as a function of pH in rougher flotation of the 

Cu-Mo ore in synthetic seawater and tap water. 

The ore natural pH was measured to be 7.9. Figure 17 show that the lime dosage 

of 225 g/t and 375 g/t in seawater does not have a profound impact on the pH of 

the pulp. Lime dosages 225 g/t and 375 g/t increased the pH to 7.9 and 8, 

respectively. Correspondingly in tap water, 225 g/t and 375 g/t of lime gave the 

values 9.1 and 9.3. 

According to Figure 17, same amount of lime has a much smaller effect on the pH 

of synthetic seawater than that of tap water. This indicates that the OH
- 
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supplied to pulp by lime are reacting with the seawater ions. The carbonate system 

can be assumed to be one of the reasons for the buffering effect in synthetic 

seawater (Sverdrup 1942). The dissolved OH
–
 ions may then react with HCO3

- 

ions, and CO3
2-

 ions are formed. The concentration of free OH
−
 ions formed in the 

hydrolysis of the carbonate increases only slightly. (Sverdrup 1942, Advanced 

Aquarist 2008) 

Buffering caused by the carbonate system is effective at the pH 8.2, which is due 

to the high concentration of HCO3
- 
at the pH 8.2. As is shown in Figure 9, which 

shows the concentrations of carbon dioxide (CO2) species as a function of pH, the 

chemical equilibrium of HCO3
- 
and CO3

2-
 is approximately at pH 9.3. At pH 8.2, 

over 80 % of the CO2 in seawater is bond to HCO3
-
. Buffering of carbonate 

system could be expressed by the Equation (7) (Sverdrup 1942, Advanced 

Aquarist 2008, Castro 2012). 

𝐻𝐶𝑂3
− + 𝑂𝐻− ↔ 𝐻2𝑂 + 𝐶𝑂3

2− (7) 

𝑝𝐾𝐴 ≈ 9.3 (𝑎𝑡 25  ̊𝐶) 

According to Figure 17, the buffering effect of synthetic seawater is stronger at 

the pH zone above 9. As was discussed in the chapter 6.2.1 Use of Lime in 

Seawater, magnesium could be the main reason for the strong buffering effect 

above the pH 9 in seawater. Sverdrup (1942) noted that Mg(OH)2 could exceed 

the solubility product at pH higher than 9. The free OH
-
 ions, which begin to react 

with the free Mg
2+

 ions by forming magnesium hydroxide complex ions and 

magnesium hydroxide precipitates, could be an explanation for the strong 

buffering effect. This is supported by the fact that the slurry seemed to thicken 

after the pH had risen above 9, which indicates that solid precipitates began to 

form in the slurry. The following reactions shown in the Equations (8) and (9) 

might occur between Mg
2+

 and OH
-
 in the pulp (Sverdrup 1942, Castro 2012). 

𝑀𝑔2+(𝑎𝑞) +  𝑂𝐻 −(𝑎𝑞) ↔ 𝑀𝑔 𝑂𝐻 +(𝑎𝑞) (8) 

𝑀𝑔 𝑂𝐻 +(𝑎𝑞) + 𝑂𝐻−(𝑎𝑞) ↔ 𝑀𝑔 𝑂𝐻 2(𝑠) (9) 

𝐾𝑠𝑝𝑀𝑔(𝑂𝐻)2 = 5 ∙ 10−11    
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Above the pH 9, buffering might be mainly caused by Mg
2+

. Boron species in 

seawater may strengthen the buffering of seawater (Sverdrup 1942). As was noted 

in the subchapter 6.1.1 Buffering Effect of Seawater, dissolved boron in seawater 

represents 5 to 6 % of the total alkalinity in natural seawater (Zeebe 2001, 

Klochko 2006). Reaction which might take place between boron species can be 

depicted as follows (Klochko 2006). 

𝐵(𝑂𝐻)3 + 𝐻2𝑂 ↔ 𝐵(𝑂𝐻)4
− + 𝐻+ (10) 

𝑝𝐾𝐵 = 8.597 

Calcium may reach the precipitation zone above the pH 12. This reaction can be 

expressed as follows. (Parraguez and Bernal 2009, Castro 2012) 

𝐶𝑎2+(𝑎) + 2𝑂𝐻−(𝑎𝑞) ↔ 𝐶𝑎 𝑂𝐻 2(𝑠) (11) 

𝐾𝑠𝑝𝐶𝑎(𝑂𝐻)2 = 5,02 ∙ 10−6 

Visually seemed, that the slurry structure became thicker when pH was adjusted at 

above 9 in seawater. During the test, where the greatest dosage of lime was added 

(11000 g/t), the rotor of the flotation machine had to be adjusted to 2300 rpm for 

achieving sufficient mixing in the cell. Solid precipitates, which began to form in 

the pulp above the pH 9, can be assumed to be the magnesium hydroxide, as was 

shown in the Equations (8) and (9). This can be assumed to happen due to the fact 

that solubility product of magnesium hydroxide is much smaller than that of 

calcium hydroxide and calcium carbonate. Solid carbonates and sulfates may form 

in the solution in higher pH levels in seawater, and these reactions could be 

depicted as follows (Sverdrup 1942, Castro 2012). 

𝐶𝑎 𝑂𝐻 2(𝑠) + 𝐶𝑂3
2−(𝑎𝑞) ↔ 𝐶𝑎𝐶𝑂3(𝑠) + 2𝑂𝐻−(𝑎𝑞) (11) 

𝐾𝑠𝑝𝐶𝑎𝐶𝑂3 = 6,7 ∙ 10−7 

𝑀𝑔 𝑂𝐻 2(𝑠) + 𝐶𝑂3
2−(𝑎𝑞) ↔ 𝑀𝑔𝐶𝑂3(𝑠) + 2𝑂𝐻−(𝑎𝑞)  (12) 

𝐶𝑎 𝑂𝐻 2 𝑠 + 𝑆𝑂4
2−(𝑎𝑞) + 2𝐻2𝑂(𝑎𝑞) ↔ 𝐶𝑎𝑆𝑂4 ∙ 2𝐻2𝑂(𝑠) + 2𝑂𝐻−(𝑎𝑞)  (13) 
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𝑀𝑔 𝑂𝐻 2(𝑠) + 𝑆𝑂4
2−(𝑎𝑞) + 2𝐻2𝑂(𝑎𝑞) ↔ 𝑀𝑔𝑆𝑂4 ∙ 2𝐻2𝑂(𝑠) + 2𝑂𝐻−(𝑎𝑞)     (14) 

Reactions, which are behind the buffering effect and precipitations, can be 

assumed to occur between OH
-
, Ca

2+
, Mg

2+
, HCO3

-
, CO3

2-
, B(OH)3, B(OH)4

-
 and 

SO4
2-

. As a conclusion, the buffering effect is a result of certain anions and cations 

existing in the solution, and strength of the buffering is merely a matter of the 

concentrations of these particular ions. 

The buffering of synthetic seawater was quite similar with the buffering of real 

seawater observed by Castro (2012). Castro (2012) conducted flotation tests for 

Cu-Mo ore in real seawater, and the resulted lime consumption as a function of 

pH is shown in the Appendix 12. In Castro’s test, the lime consumption increased 

higher at pH above 9.9. This can be assumed to be due to the different ion 

concentrations of the used mediums. Synthetic seawater applied in this thesis was 

prepared in the basis of ASTM standard (Table 2.), which is an average of many 

individual analyzes from different locations (D1141-98 2013). Correspondingly, 

seawater sample used by Castro (2012) was taken from Concepción coast in 

Chile, which composition probably deviates from the presented average 

concentrations in the ASTM standard. In addition to this, the used ore samples 

were not the same, which means the flotation properties and natural pH of the 

samples are likely to be different. 

Redox electrode indicated that the pulp potential was between 70-170 mV. 

Ag/AgCl electrode was used as a reference electrode. 

8.3 Copper 

Copper recovery as a function of pH adjusted by lime is shown in the Figure 18. 

Recovery as a function of grade with varying dosages of lime is shown in 

Appendix 10. Recovery in tap water was 86-89 % in the pH range between 8.5 - 

11.5. Small reduction in recovery was observed when the pH reached values 

above 9. The highest recovery (89.0 %) was observed when 225 g/t of lime was 

used (pH 9.1). All in all, the recovery of copper was quite stabile when the ore 

was floated in tap water with varying pH.  
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In seawater, the range for copper recovery was measured to be between 81-88%, 

which is slightly lower than the recoveries achieved in tap water. The highest 

recovery (87.7 %) for copper in seawater was achieved in the test, where lime 

dosage was 375 g/t (pH 8). The test series conducted in seawater showed that the 

recovery of copper decreased gradually by the lime dosage and the pH was 

increased. 

The mineral recoveries are calculated from the elemental assays of Cu, Mo, Fe 

and S. Minerals are calculated on the assumption that sulfur is present only in 

pyrite, chalcopyrite and molybdenite. Mineralogy calculations of the final 

concentrates can be seen in the Appendix 8. Chalcopyrite grade as a function of 

the pulp pH is shown in Figure 19. Chalcopyrite grade was 1-2 % better in tap 

water than in seawater over the pH range of 8.5 to 11. Above the pH 10.8, a small 

reduction in grade occurred in seawater. 

The pH in the Cu-Mo rougher flotation is found within the range of 8.5 to 10, and 

cleaning stage within 11 to 12. Referring to the results obtained in the flotation 

tests, it seems that copper recovery in the pH range of 8.5 to 10 is reduced only 

slightly (1 to 2 %) in seawater compared to tap water. The error bars in Figure 18 

shows the calculated error in recovery for every individual test. The error limits in 

calculated copper recoveries were explored by using propagation of error. The 

calculations are shown in the Appendix 14: Error in the calculated recoveries. 

Tests 1 to 8 present the tests conducted in seawater. Tests 9 to 13 represent the 

tests conducted in tap water. Small reduction in the pH range of 8.5 to 10 can be 

said to be insignificant, when the error limits are taken into account. In the pH 

range of 11 to 11.5, the difference between recoveries increases up to 4-5 %. 

According to Figure 18, the difference between the copper recoveries achieved in 

tap water and seawater begins to increase above the pH 9.5. As was later 

discussed, magnesium hydroxides may start to form in the slurry at the pH above 

9, and form solid precipitates in the slurry. These precipitates may then increase 

the viscosity of the slurry. More viscous solution increases bubbles (gas 

dispersion), and makes the mixing of the pulp more difficult. Bubbles attachment 

to solid particles is not as efficient in more viscous slurry, which would be the 

explanation for the copper recovery reduction in seawater above the pH 10. 
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Figure 18. Copper recovery in rougher flotation as a function of pH adjusted 

by lime in seawater and tap water. 

 

Figure 19. Chalcopyrite grade as a function of pH adjusted by lime in 

seawater and tap water. Lime consumption (g/t) marked in labels. 
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8.4 Molybdenum 

Molybdenum recovery as a function of pH adjusted by lime is shown in Figure 

20. Recovery as a function of grade with varying dosages of lime is shown in 

Appendix 11. According to the tests conducted in tap water, molybdenum 

recovery was found to be between 74 and 85 % at a pH range of 8.5 to 11.6. 

Varying pH of the pulp did not seem to affect the recovery of molybdenum in tap 

water. In general, molybdenite has been found to float naturally in fresh water 

despite the varying pH of the pulp. Fluctuations in the calculated recoveries of 

molybdenum in tap water are discussed more specifically in Appendix 13. 

However, the recovery of molybdenum was observed to reduce above the pH 9.5 

in seawater. In the test, where the pH was adjusted at 12.2, the achieved recovery 

of molybdenum was only 18 %. At the pH range from 8.5 to 9.5 molybdenum 

recovery was found to be between 78 and 85 %, which is the same level of 

recoveries achieved in tap water. Appendix 14 shows how the error bars in Figure 

20 are computed. 

As shown in Figure 21, molybdenite grade calculated from the cumulative 

concentrates present the same behavior for molybdenum: reduction begins at the 

pH above 9.5. Molybdenite grade continues to reduce as the lime dosage and pH 

increase. On the contrary in tap water, molybdenite grade is even better at the pH 

range above 9.5. At pH 11.6, calculated grade for molybdenite was 0.47 %. 

It appears that molybdenum is lost if the pH is adjusted above 9.5 in seawater. As 

is discussed in the chapter 6.2.2 Floatability of Molybdenum, the explanation for 

the recovery reduction may be due to the magnesium hydroxide complexes that 

are formed in seawater at the pH above 9.0. Natural hydrophobicity of 

molybdenite might be lost when magnesium hydroxide complex ions adsorb on its 

surface and renders it hydrophilic (Castro and Rioseco 2009). Another explanation 

could be the increased Ca
2+

 concentration and adsorption of the Ca
2+

 ions on the 

hydrophilic edges of molybdenite particles (Zanin 2009). The pH of the rougher 

flotation should be maintained below the pH 9.5 in order to avoid molybdenum 

losses. Referring to the results achieved in seawater, molybdenum might be lost in 

the conventional cleaning stage, if it is carried out at pH 11 to 12. 
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Figure 20. Molybdenum recovery in rougher flotation as a function of pH 

adjusted by lime in seawater and tap water. 

 

Figure 21. Molybdenite grade in rougher flotation as a function of pH 

adjusted by lime in seawater and tap water. Lime consumption (g/t) marked 

in labels. 
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8.5 Sulfur 

Sulfur recovery as a function of pH is shown in Figure 22. Recovery of elements, 

Cu, Mo, S and Fe, as a function of pH is shown in Appendix 9. In Sierra Gorda 

ore, sulfur is mainly bond to chalcopyrite, molybdenite and pyrite minerals. 

Flotation conducted at higher pH should reduce the sulfur content in the 

concentrate, and produce a concentrate where pyrite content is lesser. As 

expected, pyrite concentration decreased the higher the pH was raised in both 

mediums. However, largest amounts of lime were required in seawater to achieve 

the same pyrite depression than in tap water. 

As was discussed in the chapter 6.2.1 Use of Lime in Seawater, dissolved Ca
2+

 

ions from lime and natural Ca
2+  

present in seawater may produce aqueous species 

with the anions of seawater, such as CO3
2-

, Cl
-
, BO3

-3
, CO3

2-
 and HCO3

-
, which 

would explain the reduced depression of pyrite by Ca(OH)2 in seawater. A large 

number of Ca
2+

 ions are not free for adsorbing on the pyrite, which has negative 

effect on iron sulfides depression. Minor reason would be the leached copper from 

minerals, which may precipitate on the surface of pyrite and react with the 

collector chemical, in which case pyrite rises to froth. (Parraguez and Bernal 

2009). 

As can be seen from Figure 22, the recovery of sulfur begins to drop at a rapid 

rate in seawater above the pH 9.5. This can be affected by molybdenite, the 

recovery of which is decreasing strongly above this particular point, and which 

contains two sulfur atoms, too. In Figure 23, pyrite grade in the concentrates is 

calculated by assuming that sulfur is only bonded to chalcopyrite, molybdenite 

and pyrite. 

It seems that it is possible to depress pyrite in a seawater solution, but 

substantially larger amount of lime is required. In the first place increased reagent 

consumption will bring additional costs. Also, scaling of the sulfates and 

carbonates is expected (Philippe 2010). However, more considerable effect is the 

reduction in recovery of molybdenum, which is due to the fact that the chemistry 

of seawater and the pH that has risen by the addition of lime is not a functional 

combination. 
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Figure 22. Sulfur recovery in rougher flotation as a function of pH adjusted 

by lime in seawater and tap water. 

 

Figure 23. Pyrite grade in rougher flotation as a function of pH adjusted by 

lime in seawater and tap water. Lime consumption (g/t) marked in labels. 
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9 CONCLUSIONS 

The conventional flotation of Cu-Mo ore seems to require improvements, when 

the used medium is synthetic seawater. Conducted laboratory rougher flotation 

experiments with synthetic seawater showed that the effect of inorganic 

electrolytes is detrimental for Sierra Gorda porphyry Cu-Mo ore, when pyrite is 

depressed by lime. 

Copper recovery was not the main concern due to the recovery that was 

maintained almost at the same level in both mediums. Comparison was made in 

the pH range of 8.5 to 10, which is a common pH zone in the rougher flotation of 

Cu-Mo ore. Copper grades were slightly better when the flotation was carried out 

in tap water. Cumulative grade of copper with different lime dosages varied 

between 6.0-8.8 % in synthetic seawater, while grade of that was 6.6-9.7 % in tap 

water. Achieving high recovery for copper in the rougher flotation in seawater 

seemed not to be a problem with porphyry Cu-Mo ore, where chalcopyrite is the 

major copper sulfide. 

Molybdenite, which was the main mineral containing molybdenum in the ore, was 

observed to lose its natural floatability at the pH above 9.5 in synthetic seawater. 

Recovery and grade of molybdenum fell at a rapid rate after exceeding this 

turning point. Below the pH 9.5, recovery of molybdenum was about the same as 

was achieved in tap water. 

Pyrite was the main gangue sulfide mineral in the ore with the weight percent of 2 

%. Synthetic seawater was observed to raise the lime consumption significantly 

when compared to tap water. If the pH is adjusted at 10, about ten-fold amount of 

lime is required in synthetic seawater. Lime was needed remarkable high amounts 

to depress pyrite in seawater. 

The buffering effect of synthetic seawater, which was studied to be the reason for 

high lime consumption, was identical with the buffering of real seawater. This 

was discovered when previously published results of the rougher flotation 

experiments carried out in real seawater were compared to the results of this 

thesis. 
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Magnesium, Mg
2+

, was studied to be the most potential component improving 

buffering effect and forming hydroxides at pH above 9. This was studied by 

investigating the ionic concentrations and solubility products of the salts. It 

appeared that Mg(OH)2 exceeds the solubility product above the pH 9 in seawater. 

The buffering effect of synthetic seawater was strongest in the pH range of 9 to 

10, which indicates that Mg
2+

 possibly forms magnesium hydroxide complex ions 

and solid magnesium hydroxides with the free OH
-
 ions in the pulp. Formation of 

solids was supported by the fact that slurry seemed to thicken and become more 

viscous after the pH was raised above 9. More viscous solution increases bubbles, 

and makes the mixing of the pulp more difficult. Bubbles attachment to solid 

particles is not as efficient, which is obvious reason for the small copper recovery 

reduction at the pH above 9.5. 

Previous investigations have claimed that Mg(OH)2 is the compound that affects 

on the floatability of molybdenite by adsorbing on its surface and rendering it 

hydrophilic (Castro and Rioseco 2012). In the experimental work, significant 

reduction was observed in the molybdenum recovery above the pH 9.5. This goes 

hand in hand with the fact that buffering action was most effective in the pH range 

of 9.5 to 10, which is obviously due to the reacting Mg
2+

. As a conclusion, 

formation of magnesium hydroxide species is the most probable reason for the 

strong buffering capacity at pH 9.5-10, and the adsorption of Mg(OH)2 to the 

molybdenite surface is obviously the reason for the rapid recovery reduction 

above this particular point. 

Molybdenum would float sufficiently in salty water below the pH 9.5, but due to 

the pyrite in the ore, lime is used to depress it, which raises the pH. Due to the 

addition of lime, magnesium hydroxides are formed in seawater, which then 

affects the floatability of molybdenum. Pyrite content in this specific ore body 

wasn’t particularly high. Nevertheless, the pyrite depression was difficult with 

lime even with the pyrite weight percent of 2 % in the ore. More pyrite in the ore, 

more lime is required to depress pyrite. 
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10 RECOMMENDATIONS 

Rougher flotation of the Cu-Mo ore should be conducted in seawater at the pH 

range of 8.5 to 9.5 in order to avoid losses of molybdenum, and to keep the 

addition of lime to a minimum in order to cut down the costs. Cleaning flotation 

experiments were not carried out in this thesis, but according to the gained 

observations in the lime test series, it can be concluded that molybdenum will be 

lost if cleaning and scavenger operations are conducted at the conventional pH 

range of 11 to 12. In addition, multiple times higher lime consumption is needed 

to achieve this pH level due to the buffering of seawater. Thus, if cleaning 

flotation is decided to conduct in seawater, it should not be carried out at the pH 

above 10 in order to avoid molybdenum losses. Depression of pyrite is not 

effective at this pH, so it is expected that higher amount of pyrite in concentrate 

needs to be allowed. 

Conventional flotation operated with lime seems to be insufficient for the Cu-Mo 

ore in seawater. A new kind of method operated in seawater without lime is 

needed in order to get high recoveries for copper and molybdenum and to achieve 

high separation of gangue iron sulfides. 

Modification of seawater composition is a solution that has been in consideration 

in the Cu-Mo concentrator Minera Esperanza in Chile. Before discharging 

seawater to cleaning flotation, a part of the water is directed to a separated tank. 

Modification is conducted by adding lime excessively to produce solid 

hydroxides, carbonates and sulfates in seawater. The water is then filtered, and the 

“purified” water is passed to cleaning flotation. Purification reduces magnesium, 

calcium and sulfate content in the water. (Parraguez and Bernal 2009) 

The experiments conducted by Parraguez and Bernal (2009) showed that a blend 

consisting of 30 % of purified water and 70 % of raw seawater is enough to get 

acceptable recoveries for copper and molybdenum. This way the rougher flotation 

is possible to carry out in seawater, while cleaning is operated in modified 

seawater. However, lime consumption is still high with this method, because it is 

needed in the precipitation tank to form solids. 
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One solution would be the development of a new depressant for pyrite that would 

let flotation to be conducted at a low pH zone. The AMBS treatment represents 

new flotation technique that might be useful in the flotation of Cu-Mo ore in 

saline water. Air-metabisulfite treatment has been claimed to resolve the negative 

impacts that are caused by lime in saline water flotation systems. It could be 

advantageous in the bulk sulfide rougher flotation stage, where most of the pyrite 

would be separated from copper sulfides and molybdenite. 

Patent application for the AMBS treatment is assigned by Barrick Gold 

Corporation. The advantage of the invention is that it does not require lime at all, 

and flotation is conducted at the natural pH of the ore. The process involves the 

aeration of the pulp followed by a sulfoxy reagent addition stage. A thorough 

knowledge of the AMBS treatment can be found in the patent publication (see 

PAT. US 2011/0155651 2011). Barun Gorain, the inventor of the treatment told in 

the article of CIM magazine, that according to their experiments, molybdenum 

recovery is not a problem and metallurgical impact is minimal, even though the 

flotation is carried out in seawater (Blin 2013). When question is about the costs 

of the AMBS treatment, patent publication answers: “the substantial improvement 

in kinetics and elimination of lime reagent requirements can more than offset any 

increase in sulfoxy reagent costs” (PAT. US 2011/0155651 2011). 

In the year 2013, air-metabisulfite was adopted in use for the Cu-Au ore in Jabal 

Sayid concentrator in Saudi-Arabia, where saline underground water was used as 

process water. Implementation of the treatment was also in progress in copper-

gold project in South-America in addition with the pilot project in Chile. (Blin 

2013) Currently, the AMBS method seems to be one of the most potential 

solutions for the Cu-Mo sulfide ores flotation in seawater. 

Examination of a new reagents intended to seawater flotation would be one 

interesting subject for further studies. Many mining chemical companies have 

recently invested in the development of collectors and frothers, which are targeted 

to function in waters containing salts. Seawater intended collectors and frothers 

might be pushing through old boundaries, but the negative impacts caused by lime 

remains still an issue, which cannot be passed. 
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Completely different solution would be the removing of the salts from seawater, 

which was discussed in detail in the theory part chapter 5.1.1 Desalinated water. 

Elimination of the salts is performed by the reverse-osmosis plant, which was 

quite high-priced technology in the year 2013. Instead of passing all of the intake 

water through the desalination plant, one solution would be that direct seawater is 

used in rougher flotation meanwhile cleaning flotation is carried out in desalinated 

water. This requires building of a small desalination plant at the mill site. 

For a mining company, that is planning to use seawater as process water, the 

choice between desalination and non-desalination is a difficult question that needs 

to be evaluated closely. According to Blin (2013), desalination energy and cost 

trends have been falling over 50 % since year 1982. Evidently the prices are still 

on the decrease, which might be encouraging mining companies to invest in the 

desalination technology in the future. 
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11 SUMMARY 

The aim of this Master’s thesis was to gain more understanding of the faced 

challenges in the Cu-Mo ores flotation in seawater. In the experimental work, 

porphyry Cu-Mo ore from Sierra Gorda deposit was used in a total of 22 

laboratory rougher flotation tests conducted at Outotec Research Center in Pori. 

Synthetic seawater was utilized as process water in the flotation tests. Study was 

done in between April 15, 2013 and November 15, 2013. 

Lime consumption was observed to be remarkably increased in synthetic seawater 

meanwhile the buffering effect was strong especially in the pH range of 9.5 to 10. 

Lime as pyrite depressant worked greatly in tap water whereas in seawater, a large 

amount of lime was needed to depress pyrite. The floatability of molybdenum was 

affected negatively at the pH above 9.5. Adsorption of magnesium hydroxide 

species to surfaces of molybdenite was assumed to be the main explanation for 

losing the natural floatability of molybdenite minerals. The buffering effect was 

assumed to be mainly due to the carbonate system, the boric acid-borate 

equilibrium and Mg
2+

 concentration. 

The experimental work showed that the flotation of porphyry Cu-Mo ore carried 

out in seawater has serious conflicts, when pyrite is depressed with lime. Rougher 

flotation might be conducted in seawater with sufficient recoveries of copper and 

molybdenum, when the pH is held below 9.5. However, lime consumption will be 

several times higher, so that the costs will be increased in addition with the higher 

amount of pyrite in concentrate. 

It seems that the Cu-Mo ores flotation in seawater is in the need for a new kind of 

method, which would depress pyrite without lime. A few solutions have already 

been developed, which can probably suppress the problem. The AMBS treatment 

represents one of the most potential solutions. Desalination is an alternative, 

which might be yet cost-effective solution in the future to beneficiate seawater 

more effectively in flotation and in entire minerals processing chain. 
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APPENDIX 8 

 

Test name Water Lime, g/t Mlb % Ccp % Py % Gan % Total

PW-200 Tap 200 0.33 18.92 33.39 47.36 100.00

PW-225 Tap 225 0.32 17.59 31.43 51.158 100.00

PW-375 Tap 375 0.37 20.74 36.19 42.70 100.00

PW-850 Tap 850 0.43 27.32 14.31 57.94 100.00

PW-1250 Tap 1250 0.47 28.10 2.94 68.49 100.00

SW-225 Sea 225 0.32 17.33 31.50 50.86 100.00

SW-375 Sea 375 0.35 18.51 34.85 46.28 100.00

SW-850 Sea 850 0.30 16.38 31.63 51.69 100.00

SW-1250 Sea 1250 0.30 16.20 29.65 53.85 100.00

SW-2500 Sea 2500 0.35 19.75 26.37 53.52 100.00

SW-5000 Sea 5000 0.33 21.86 19.32 58.49 100.00

SW-8000 Sea 8000 0.20 25.44 7.03 67.32 100.00

SW-11000 Sea 11000 0.10 22.38 0.07 77.45 100.00  
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APPENDIX 11 
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APPENDIX 13 (1/3) 

The outcome of the experiments was affected by different factors, which are 

considered in this chapter. In general, errors occurring during the measurements 

can be classified as parasitic, systematic or random errors. Magnitude of the error 

is reported as absolute or relative error. 

Parasitic Errors 

Parasitic errors are the consequence of not using the measuring equipment 

appropriately (TKK 2005). Measuring of the reagent dosages and water amounts, 

which were added in different steps of the tests, could cause parasitic errors. 

Controlling of the flotation machine may have factors, which cause parasitic 

errors, for example, adjusting of the airflow rate and the right timing of flotation 

and conditioning. However, parasitic errors can be assumed to be only minor due 

to the careful conducting of the tests. 

Confusion that came out in the selection of two most effective collectors in the 

chapter 8.1 Collector Performance is closely related to the analysis of sample D 

(Table 8). When sample mean of molybdenum is calculated from the first four 

samples A-C (average) and D, the value is 0.0215 %. Recoveries and grades of 

molybdenum in the first six flotation tests (Table 11: tests numbered 1-6) were 

calculated by supposing that the feed concentration was actually 0.0215 %. When 

this value was used in the recovery calculations, it appeared that AERO 3894A 

and D-233 were the most efficient molybdenum collectors, while D-262E showed 

somewhat lower recovery. 

However, six new feed samples were taken due to the suspicious high 

molybdenum concentration in the sample D. When the new analyses had been 

produced, became clear that the molybdenum concentration varied in the range of 

0.013-0.021 %, excluding sample D, which molybdenum concentration was 0.041 

%. This might be due to an incorrectly performed sampling or a blunder that 

occurred in the analysis of the sample. The elemental concentrations of the feed 

samples can be seen in the Table 9. 
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Eventually, sample D was considered as a parasitic error and left out of the 

calculations. The average of the molybdenum concentration was calculated again 

without sample D, when the average showed the value of 0.016 %. Due to the 

schedule of the thesis, comparative flotation tests between AERO 3894A and D-

233 were started before new feed samples were analyzed, and molybdenum 

average concentration lowered from 0.215 % to 0.016 %. This should explain why 

D-262E was not selected in further tests. Recoveries and grades of molybdenum 

in Tables 12-15 are calculated by assuming that the feed concentration of 

molybdenum is 0.016 %. 

Systematic Errors 

Systematic errors result from the used instruments themselves. Systematic errors 

occur if the instrument is wrongly calibrated, or if parameters measuring the 

phenomena are out of the instrument area of qualification. (TKK 2005) The pH 

values and redox (electrode) potential were always measured during the 

experiments. Calibration for these electrodes was performed before every flotation 

study to reduce systematic errors. 

Calibration for the pH electrode was made with two buffer solutions (pH 7 and pH 

10). The calibrated pH electrode measuring accuracy was between 95-96 %, 

which can lead to a small error in the measurements. In addition to this, some of 

the experiments were carried out at pH above 10, which means the error might be 

increased in these tests. Due to the mentioned uncertainties, it is sensible to review 

the pH measurements with the accuracy of one decimal. 

The ore samples and synthetic seawater were stored in the cold room to reduce 

oxidation, but warmed to room temperature (24 ºC) before taking to grinding. 

However, temperature of the pulp might have been increased a bit during grinding 

due to the abrasion of the steel balls. Temperature of the pulp may also vary 

during flotation, because of a continuous mixing in the cell in addition with the 

calcium hydroxide that releases heat while dissolving in water (exothermic  
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reaction). The increase in pulp temperature was considered minimal and not taken 

into account in the calculations. 

The variation of the concentrations of the feed was due to the fact that the ore was 

divided into batches with the spinning rifflers, which produces small sample to 

sample variation. This is classified as the systematic error, which cannot be 

removed. 

Random Errors 

Random errors are also known as statistical errors. They are errors, which 

randomly fluctuate when the certain value of the same variable is measured in the 

same experimental conditions. However, it does not distort the “true value” to any 

direction. The existence of random errors can be observed by repeating the same 

experiment many times. Mathematical statistics is used in the miscalculation of 

random errors. (TKK 2005) 

An analytical technique ICP-OES was used for the sample analysis. Detection 

limit for elemental assays was 0.005 % with this technique. Molybdenum 

concentration in the feed was 0.016 % in average, which was still possible to 

determine by ICP. However, molybdenum concentration in the tailings was below 

0.005 %, which is why the exact concentration was impossible to define 

accurately. Inadequate accuracy caused uncertainty in the recovery calculations of 

molybdenum. 

Molybdenum content in the concentrates was analyzed by ICP. Because the mass 

of each concentrate was already known, it was possible to determine the mass of 

molybdenum in one concentrate. Cumulative mass of molybdenum was then 

calculated from all four concentrates. As was previously discussed, the average 

feed concentration was calculated to be 0.016 %. The mass of molybdenum in the 

tailings was obtained by mass balancing the results. 
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Error in the calculated recoveries 

 

Lime test series comprised of 13 flotation tests. Recovery of copper and 

molybdenum were calculated on the basis of the information gained from the 

analyzed feed samples and concentrates. A total of seven feed samples were 

analyzed in order to figure out the copper and molybdenum grades in the feed. 

The mean grades of copper and molybdenum were used in the recovery 

calculations. Recovery is calculated on an Equation (1). 

𝑅 =
𝑐𝐶

𝑓𝐹
  (1) 

where 

𝑅 = 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 

𝑐 = 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑔𝑟𝑎𝑑𝑒 𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 

𝐶 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 

𝑓 = 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑎𝑙 𝑔𝑟𝑎𝑑𝑒 𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒 

𝐹 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑 

The error in the recovery calculations can be explored by using statistical 

technique named “propagation of error”. The error can be computed by using 

partial differentiation, as described by Eq. (2). (TKK 2005) Signs are ignored in 

Eq. (2), because the maximum error is being sought. The maximum error in 

individual test can be calculated on an Eq. (3). Eq. (3) is calculated by integrating 

Eq. (2). Mass of concentrate and mass of feed are considered as absolute values, 

so they are ignored in the Eq. (3). 

𝑑𝑅 =  
𝜕𝑅

𝜕𝑐
 ∙ 𝑑𝑐 +  

𝜕𝑅

𝜕𝑓
 ∙ 𝑑𝑓 +  

𝜕𝑅

𝜕𝐶
 ∙ 𝑑𝐶 +  

𝜕𝑅

𝜕𝐹
 ∙ 𝑑𝐹 (2) 

∆𝑅 =  
𝐶

𝑓𝐹
 ∙ ∆𝑐 +  −

𝑐𝐶

𝑓2𝐹
 ∙ ∆𝑓 (3) 

In this work, one series of measurement was conducted. The error limits of one 

series of measurement can be calculated by using method named “standard error  
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of the mean”, which in other words, is the variability of the sample means. (TKK 

2005) 

The grades of copper and molybdenum in feed are shown in Table 16. The error 

estimate of the mean grades of copper and molybdenum in feed, ∆f, and in 

concentrate, ∆c, were calculated by using Eq. (4). 

Table 16. Grades of Cu and Mo in seven feed samples. 

Sample Cu Mo

% %

A1 (avg. of samples A to C) 0.46 0.015

E 0.5 0.017

F 0.468 0.021

G 0.464 0.016

H 0.485 0.015

I 0.474 0.015

J 0.476 0.014

Mean 0.475 0.016  

The error estimate ∆x is calculated by using Eq (4). With the following equation, 

next calculated mean of series of measurement belong to the deviation area on a 

68 % probability. (TKK 2005) 

∆𝑥 =  
  𝑥𝑖−𝑥𝑎  2

𝑁(𝑁−1)
 (4) 

where 

𝑥𝑖 = 𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑎𝑡𝑎 𝑠𝑒𝑡 

𝑁 = 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑎𝑡𝑎 𝑠𝑒𝑡 

𝑥𝑎 = 𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑎𝑡𝑎 𝑠𝑒𝑡 

Seven analyzed feed samples (Table 16) were used in the determination of ∆f, and 

a total of 13 analyzed concentrates were used in the determination of ∆c (Table 

17). 
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Table 17. The determined Cu and Mo grades in the concentrates of 13 tests in 

addition with the mass of feed and the mass of concentrate. 

Test
The mass of 

feed (g) = F

The mass of 

concentrate (g) = C

Cu grade in 

conc. (%)

Mo grade in 

conc. (%)

1 1602 112 6 0.19

2 1602.5 104.4 6.41 0.21

3 1633 117.7 5.68 0.18

4 1631.9 119.9 5.61 0.18

5 1639.4 103.9 6.84 0.21

6 1599.7 103.9 7.57 0.20

7 1645.9 90.2 8.81 0.12

8 1655.3 82.4 7.75 0.06

9 1607 103.3 6.55 0.20

10 1601 108.4 6.09 0.19

11 1608.2 110.7 7.18 0.22

12 1618 71.4 9.46 0.26

13 1617 72.7 9.73 0.28

Mean 7.21 0.19  

 

Using Eq. (5) and the information compiled in the Table 16 and 17, the error 

estimate ∆f can be calculated as follows. Eq. (6) and (7) shows the resulted values 

of the calculations. 

∆𝑓 =  
  𝑓𝑖−𝑓𝑎  2

𝑁(𝑁−1)
  (5) 

where 

𝑁 = 7 𝑓𝑒𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 

𝑓𝑖 = 𝐶𝑢 (𝑎𝑛𝑑 𝑀𝑜) 𝑔𝑟𝑎𝑑𝑒 𝑖𝑛 𝑜𝑛𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 

𝑓𝑎 = 𝑡𝑒 𝑚𝑒𝑎𝑛 𝑜𝑓 𝐶𝑢 (𝑎𝑛𝑑 𝑀𝑜) 𝑔𝑟𝑎𝑑𝑒𝑠 𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑠 

 

∆𝑓𝑐𝑢 = 0.005169 (6) 

∆𝑓𝑚𝑜 = 0.000886405 (7) 
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In the same way, the error estimate ∆c can be computed by using Eq. (6) as 

follows. 

∆𝑐 =  
  𝑐𝑖−𝑐𝑎  2

𝑁(𝑁−1)
  (8) 

where 

𝑁 = 13 𝑡𝑒𝑠𝑡𝑠 

𝑓𝑖 = 𝐶𝑢 (𝑎𝑛𝑑 𝑀𝑜) 𝑔𝑟𝑎𝑑𝑒 𝑖𝑛 𝑜𝑛𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 

𝑓𝑎 = 𝑡𝑒 𝑚𝑒𝑎𝑛 𝑜𝑓 𝐶𝑢 (𝑎𝑛𝑑 𝑀𝑜) 𝑔𝑟𝑎𝑑𝑒𝑠 𝑖𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑠 

 

∆𝑐𝑐𝑢 = 0.3858632 (9) 

∆𝑐𝑚𝑜 = 0.01540571 (10) 

The error in the calculated recoveries of copper and molybdenum is calculated by 

using Eq. (3). Every individual test is calculated separately. The error in copper 

recovery in test number 1 (see: Table 17) is being computed next as an example. 

∆𝑅1 =  
𝐶1

𝑓𝑐𝑢 𝐹1
 ∙ ∆𝑐𝑐𝑢 +  −

𝑐1𝐶1

𝑓𝑐𝑢
2𝐹1

 ∙ ∆𝑓  

∆𝑅1 =  
112

0.475 ∙ 1602
 ∙ 0.386 +  −

6 ∙ 112

0.4752 ∙ 1602
 ∙ 0.00517 = 0.0664 

Therefore percent error in the recovery of copper in test number 1 is 6.64 %. The 

error limits in the calculated recoveries of copper and molybdenum in 13 tests are 

shown in Table 18. 
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Table 18. The percent error in the calculated recoveries of Copper and 

Molybdenum in 13 tests. 

Test Cu Mo

% %

1 6.64 11.35

2 6.25 10.92

3 6.79 11.50

4 6.91 11.54

5 6.14 10.72

6 6.40 10.84

7 5.56 7.64

8 4.93 5.78

9 6.19 10.61

10 6.44 11.04

11 6.72 11.84

12 4.54 8.25

13 4.65 8.68  

 


