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Abstract 

Selenium is mostly extracted from copper anode slimes because the selenium-rich ores are too 

rare to be mined with profit. 

When copper anode slimes are processed in a precious metal plant the first step is to remove 

copper by pressure leach in an autoclave. The anode slime is then dried and fed into a Kaldo 

furnace. The Kaldo is heated and reduction and smelting begins. During reduction, slag builders 

are added to form a slag with impurities and fluxes with coke breeze are added to reduce 

precious metal. In the oxidation step, selenium dioxide, sulphur dioxide and some tellurium 

dioxide are removed along with the process gas. The dioxides and the process gas are captured 

in a circulating venturi solution in the gas cleaning system. The dioxides lowers the pH of the 

venturi solution. Sodium hydroxide is added to the solution to keep pH above 4 in order to 

prevent selenium from precipitating in the circulation tank. After a Kaldo cycle, the venturi 

solution is transferred to a precipitation tank where sulphur dioxide is added in order to 

precipitate selenium. The precipitated selenium is finally collected in a filter press and sold as 

crude (99.5%) selenium. 

 

During commissioning of a precious metal plant and during processing of 2 batches anode 

slime, data such as pH and electrochemical potential was collected from the venturi solution 

and later shown in a Pourbaix diagram. The purpose of this degree project was to get a better 

understanding of selenium's redox chemistry and investigate if the potential could explain why 

selenium precipitates despite pH regulation.  

 

Results show that the redox environment in the venturi solution is suitable for selenium 

precipitation and that pH regulation is not enough. 

 

A material balance of selenium was also performed in order to follow selenium recovery. Data 

such as selenium concentration was taken from the circulating venturi solution in the circulation 

tank and from the precipitation tank. Selenium amount data was collected from anode slime, 

converter slag, bag filter dust, smelt slag, venturi slime and slime from the precipitation tank.  

 

It was not possible to make a thorough material balance as the results obtained for the 

determination of selenium concentration and amount of selenium were contradictory.   
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1. Introduction and background 

This project was performed during the spring of 2013 as a degree project in engineering 

chemistry at Outotec (Sweden) AB. 

This project was initiated by Outotec based on a problem with pH regulation as a pre-emptive 

measure to keep selenium from precipitating in the venturi solution. Despite pH regulation, 

selenium is still precipitating to some extent in the solution during the selenium recovery 

process. 

1.1 Aim of thesis 

The purpose of this project was find a way to improve / optimize current selenium recovery 

technology by measuring parameters such as pH, selenium concentration and potential to create 

a better understanding of selenium's redox chemistry in the process and thereby  minimize 

recycling of selenium. In order to do this, a literature search was made to get a better theoretical 

understanding of the selenium recovery processes. The practical part of this study took place in 

a precious metal plant in a community in China. Due to an agreement with Outotec, the name 

and location of the precious metal plant will not be mentioned, however the practical part 

included; 

 Calculating a selenium material balance.  

 Selenium concentration determinations using titration.  

 Measuring electrochemical potential. 

 Measuring pH. 

 Equilibrium calculations using Pourbaix diagrams.  

 

1.2 Literature search 

Literature search is done on most scientific studies (a degree project in natural science in 

particular). The importance of literature search is obvious, but is also described by Andersen 

(19), (20). 

Articles in Science Direct which is a database for scientific articles provided by Umeå 

university library has mainly been used in the search regarding selenium and its properties, 

uses, mineralogy etc. 

Previous research was accessed through Digitala Vetenskapliga Arkivet (DiVa). 

Outotec provided relevant and useful articles. Appropriate literature from the Umeå University 

Library have also been used. Articles have sometimes led to other articles of interest. The 

reference lists of some articles have been used to find the sources mentioned in the text. 

Words in combination with selenium that was used during the search for articles were, 

 Refining 

 Leaching 

 Mineralogy 

 Recovery 
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1.3 Criticism of the sources 

It is important to take into account authenticity of the source. Researchers should ask whether 

documents are genuine, and if there may be false statements. Furthermore, the material used 

should be independent, i.e., it should not be angled. (21) Since several different sources for this 

paper have been used, the risk of material being angled or falsified is reduced. 

The researcher should as far as possible make use of recent research, however, this does not 

mean that it is not correct to use the older sources (20, 21). Some of the articles used regarding 

history about the discovery of selenium are from as early as 1818 to the early1950’s. It was 

important to give the reader a broad understanding of the discovery of selenium and early 

research of it, and that is why older sources have been used. 

 

1.4 General information of selenium 

1.4.1 History of selenium 

In the early 14th century a man named Arnold of Villanova (c.1238-c.1310) who was a 

physician, astrologist, and alchemist noticed a curious red sulphur deposit that had been left 

behind in an oven after sulphur had been vaporized. This is described in his book Rosarium 

Philosophorum, and he called this observation sulphur rubeum. This may have been one of 

selenium's red coloured allotropes (different crystal structures of an element). (1,2,3) 

  

It was not until approximately 500 years, later in 1817, when a Swedish chemist, Jöns Jacob 

Berzelius used copper pyrites from the mine in Falun to manufacture sulphuric acid when the 

real discovery of selenium was made. During the summer of 1817 he unwillingly had to oversee 

the manufacture at his own partially owned sulphuric acid plant. It was there he discovered a 

red residue in one of the lead chambers. What had previously been known as "Swedish tellurium 

ore" now became known as selenide of copper and silver with a 26% selenium content. He 

described the new element as metallic in character but at the same time it resembled sulphur so 

much that it could be a new type of sulphur. He named the new element selenium after the 

Greek word Selene which means moon. (4, 5) 

1.4.2 Occurrence. 

Selenium is the sixty-sixth element in order of crustal abundance and it is widely distributed. 

The earth's crust consist of approximately 0,05 ppm selenium per kilogram and is therefore 

similar to cadmium and antimony which are each about 0,08 ppm. (6)  

Selenium is intrusive in some sulphide minerals due to similar traits such as ionic radii. Sulphide 

(S2-) has a radii of 184 pm and selenide has a radii of 198 pm. Selenium occurs in minerals such 

as galena: PbS, chalcopyrite: CuFeS2, arsenopyrite: FeAsS, sphalerite: (Zn,Fe)S, pyrrhotite: 

which has an various iron and sulphur content Fe(1-x)S (x = 0 to 0.2) and pyrite: FeS2. These 

minerals with selenium in higher concentrations can be found in the area around Falun in 

Sweden.  
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Some minerals where selenium occurs naturally in the world are eucairite: CuAgSe, crookesite: 

Cu7(Tl,Ag)Se4, clausthalite: PbSe and berzelianite: Cu2Se. However these minerals are too rare 

to be used as a primary source for Se-production and are therefore not profitable. 

1.4.3 Meteorites  

A big variety of meteorites of various natures have been analyzed for various purposes, 

including selenium content. Analyzes have shown an extensive variation within each kind of 

meteorite. An iron meteorite from Bohumilitz, Bohemia was reported to have a selenium 

content as high as 2300 ppm. (7) In an attempt to estimate the cosmic abundance of selenium 

scientists have had to rely on Chondritic (meteorite) materials. (8) However, far from all the 

Chondrites are chemically homogenous.(9) An interesting fact is that a selenium content of 200 

ppb has been reported in lunar soil.(10) 

 

1.4.4 Volcanic matter 

Geochemical studies involving selenium in volcanic environments are few. A study near the 

Japanese volcano Nasudaki made by Suzuoki (11) found that the selenium content near the 

outlet of fumaroles in the volcano varied between 0.01 and 0.31 ppm. The content of selenium 

and other elements such as chlorine, fluorine, and boron showed a substantial variation from 

year to year. In Hawaii near the Kilauea volcano as much as 5180 ppm of selenium has been 

reported in the soil. (12)  

1.4.5 Soils 

Occurrences of selenium in soils are of great importance particularly in view of its toxicity. 

Selenium has as an essential trace element one of the narrowest range between dietary 

deficiency (<40 µg/day) and toxic levels (>400 µg/ day for adults). (13) Selenium content in 

soils depends on the whole geochemical cycle and the element's solution chemistry. Some 

factors are host rocks, redox potential, pH and the nature of drainage waters. It has been pointed 

out by Rosenfeld & Beath (14) that selenium in the soil may be derived from: 

 

(1) Rock formations and visible exposure of bedrock. 

(2) Formations lying under the soil mantle.  

(3) Decomposition through the weathering of the host rock and subsequent transport of 

selenium by wind or surface waters. 

(4) Indicator plants (see chapter 1.4.6) 

(5) Enrichment of the soil with selenium resulting from mining operations. 

 

The majority from several thousand samples collected and analysed over the years in the United 

States showed a selenium content of less than 2 ppm with a maximum less than 100ppm.(14) 

The selenium content of most soils in the world is estimated to be between 0.1 and 0.2 ppm. 

(15). 

1.4.6 Plants 

Plants that accumulate selenium and may require it to grow are present in selenium rich areas. 

The plants include certain species of Astragalus, Prince’s plume and some woody Asters. These 
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plants are known as "indicator plants" and some of them can accumulate up to 3000 ppm of 

selenium. This makes them toxic to livestock. 

 

Plants that do not require selenium but accumulate it anyway are called secondary absorbers or 

facultative plants. These secondary absorbers include crop plants such as Western wheatgrass, 

Barley, Wheat and Alfalfa. These plants can accumulate between 5 to 50 ppm selenium. 

Vegetation containing more than 5 ppm of selenium is potentially toxic to domestic animals. 

(16) 

1.4.7 Humans 

Selenium is present in the human body as an essential trace element but its content in the human 

body varies significantly. Everything from 3 mg in New Zealanders to 14 mg in total per person 

in some Americans. This of course depends on the natural environment as selenium content for 

example the soils and crops vary drastically. 

Selenium is not evenly distributed in the human body. Highest concentrations of selenium can 

usually be found in tissues such as the muscles and liver with 30 % of total in each. 15% can 

be found in the kidneys and 10% in the blood plasma. 

 

Most of the selenium in tissues can be found as seleno-analogues of sulphur amino acids in 

proteins. So far 15 selenoproteins have been characterized. (17) One of the most important 

proteins are an enzyme called Glutathione peroxidase. It was discovered in 1973 by Dr. John 

Rotruck and his colleagues at the University of Wisconsin. This very important enzyme protects 

red blood cells, sub-cellular components and cell membranes from undesirable reactions with 

soluble peroxides as it works as an antioxidant. (18) A funny fact or a disgusting fact about the 

sweat is that if selenium, which resembles sulphur, replaces sulphur in your sweat it will smell 

up to a 100 times worse. 

1.4.8 Physical properties of Selenium 

 

Atomic Number:  34   Atomic Weight:  78.96 

Melting Point:  493.65 K (220.5°C or 428.9°F)  Boiling Point:  958 K (685°C or 1265°F) 

Density:  4.809 grams per cubic centimetre  Phase at Room Temperature:  Solid 

Element Classification:  Non-metal  Period Number:  4 

Group Number: 16       Group Name:  Chalcogen 

Electro negativity: 2.55 (Pauling Scale)  Common oxidation states: 6,4,2,-2 

 

Selenium has over 20 isotopes but only 6 of them are stable. 74Se, 76Se, 77Se, 78Se, 80Se and 82Se. 

The last and heaviest 82Se is actually an extremely long lived β- emitter with a half-life of 1.4 ∗

1020𝑦. The most abundant isotope is 80Se (49.61 %). 
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Selenium exists in many different allotropes. Allotropy means that the same element can be 

present in two or more gaseous forms, liquid forms or crystalline forms, for example carbon 

has two famous natural crystalline forms diamond and graphite. Selenium has at least eight 

structurally distinct forms. The three red polymorphs versions (α, β, γ) and the amorphous red. 

The three polymorph consists of Se8 rings and differ in their intermolecular packing. The red 

amorphous has a distorted chain structure (22). Other ring allotropes of selenium are the Se7 

and Se6 formations. Cyclo-Se6 adopts a chair like crystal conformation while little is known 

about Cyclo-Se7. However, a vibrational spectra, also indicate a chair like structure (23) The 

last two distinct selenium forms are the amorphous black which has an extremely complex and 

asymmetrical structure having up to a thousand atoms per ring and the grey "metallic" with its 

hexagonal polymeric chains (22). Selenium allotropes have different densities due to their 

different crystalline structure, however they all transform to the metallic gray upon heating. 

1.4.9 Uses and applications 

The grey "metallic" selenium is most thermodynamically stable and is the only allotrope that 

can conduct electricity.(24) It is a photoconductor which means that conductivity depends on 

the light intensity. Higher light intensity gives better conductivity.(25) 

  

Selenium is also photovoltaic which means that it can convert light directly into electricity. Due 

to these properties Selenium is used in photocells, photocopying, light meters, xerographs and 

solar cells.(26) Most selenium (about 1/3), is however used in the glass industry to remove 

colour caused by iron impurities. If the selenium concentration in glass is high enough the glass 

will turn red. (27) 

1.4.10 Chemical properties of Selenium 

 

1.4.10.1 Oxides and oxyacids 

Since selenium is positioned between sulphur and tellurium in the Periodic Table they have 

similar chemical properties. Similar to sulphur forming sulphur dioxide SO2 and sulphur 

trioxide SO3, selenium forms dioxide SeO2 and trioxide SeO3. The trioxide's is a hygroscopic 

compound and consists of cyclic tetramers in 8 membered (Se-O)4 rings as a solid. However, it 

is thermodynamically unstable and decomposes to the dioxide at 185 °C according to reaction 

1. 

 

 𝑆𝑒𝑂3(𝑠)  →  𝑆𝑒𝑂2(𝑠) +
1

2
𝑂2(𝑔) 1 

 

Unlike SO2 which is a gas, SeO2 is a polymeric solid at standard conditions that forms 

monomeric SeO2 if heated to 315 °C and it sublimes back to polymers when it cools. Selenium 

dioxide can be prepared by reacting elemental selenium with oxygen according to reaction 2. 

 

𝑆𝑒8(𝑠) +  8 𝑂2(𝑔)  → 8𝑆𝑒𝑂2(𝑔) 2 
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Selenium burns with a bright blue flame and gives of an odour characteristic to rotten 

horseradish. Selenium dioxide is one of the more stable oxides and is also an obnoxious skin 

irritant.  

 

Selenium dioxide is an acidic oxide and can be dissolved in water to form selenious acid 

H2SeO3. selenious acid which is an diprotic acid, has the pKa values of 𝑝𝐾𝑎1  2,65 and  

𝑝𝐾𝑎27,90. (28) Selenious acid can also be prepared by dissolving elemental selenium in nitric 

acid according to reaction 3. 

 

3𝑆𝑒(𝑠) + 4𝐻𝑁𝑂3(𝑎𝑞) +  𝐻2𝑂(𝑙) → 3𝐻2𝑆𝑒𝑂3(𝑎𝑞) +  4𝑁𝑂(𝑔) 3 

 

The main use of this acid is to change the colour of steel from the silver-grey to blue-grey.  

 

Selenic acid H2SeO4 can also be produced. However it requires a somewhat different approach 

than simply dissolving SeO3 in water due to the instability of the selenium trioxide. Selenic acid 

is like sulphuric acid a strong diprotic acid with pKa values of 𝑝𝐾𝑎1<0 and 𝑝𝐾𝑎2 1,70 (28). It 

is hygroscopic and extremely soluble in water. Selenic acid is a better oxidizing agent than 

sulphuric acid and in there lies its primary use. A solution of concentrated and hot selenic acid 

is capable of dissolving gold reducing itself to selenious acid according to reaction 4. 

 

2 𝐴𝑢(𝑠) + 6 𝐻2𝑆𝑒𝑂4(𝑎𝑞) →  𝐴𝑢2(𝑆𝑒𝑂4)3(𝑎𝑞) +  3 𝐻2𝑆𝑒𝑂3(𝑎𝑞) +  3 𝐻2𝑂(𝑙) 4 

 

1.4.10.2 Hydrides 

In the industry selenium at a temperature of > 300 C° is treated with hydrogen gas to form 

hydrogen selenide H2Se (g). In aqueous solution hydrogen selenide is a diprotic acid with pKa 

values of 𝑝𝐾𝑎13,89 and 𝑝𝐾𝑎2 11,00. It is the most toxic selenium compound and far more toxic 

than the analogous hydrogen sulphide H2S. At concentrations higher than 0,3 ppm the gas acts 

as an irritant. Concentrations around 1,5 ppm is considered intolerable. If exposed to higher 

concentrations for about a minute the gas causes common cold like symptoms that will last for 

days, by attacking the eyes and mucous.  

 

Hydrogen selenide is mainly created to be used together with sulphur dioxide to produce high 

purity selenium.  

 

2 𝐻2𝑆𝑒(𝑔) +  𝑆𝑂2(𝑔) ⇋ 2 𝐻2𝑂(𝑔) + 𝑆𝑒(𝑠) + 𝑆(𝑠)  5 

 

Other selenides can be formed if selenium is allowed to react with certain metals for example 

aluminium, cadmium and sodium to create Al2Se3, CdSe, Na2Se, respectively.(29) 

 

1.4.10.3 Halides 

Selenium can react with halogens and even form different compounds with the same halogen 

for example: 
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Se2Br2  SeBr2  SeBr4  Se2Cl2  SeCl2  SeCl4 SeF6 

 

Simple binary selenium iodides are generally regarded as being nonexistent although there is 

evidence for their formation in aprotic solvents.(30) The instability of the Se-I bonds can be 

attributed to their very low ionic resonance stabilization energies as the electronegativity of 

iodine is about the same as that of selenium In carbon disulphide solutions however, Se2I2 and 

SeI2  compounds have been stabilized. (30)  

 

1.5 Production 

Because of the fact that selenium minerals mentioned in chapter 1.4.2 are rare and not profitable 

to mine, selenium has to be found and recovered elsewhere.  

Selenium is recovered as: 

a. A by-product from anode slimes that are formed during the electrolytic refining of 

copper. 

b. Sludge from sulphuric acid plants. In sulphuric acid plants using elemental sulphur, 

selenium content is relatively little. Roaster gases in combined plants using pyrite FeS2 

or other base metal ores in generally gives rise to selenium rich sludges.  

c. Dust from electrostatic precipitators in copper and lead smelters. In these smelters 

during roasting or smelting process operation, substantial amounts of selenium along 

with sulphur is eliminated. Selenium is mostly eliminated in the form of selenium 

dioxide. The selenium dioxide is unlikely to condensate before the precipitators, as the 

sublimation temperature of the dioxide is 315 C°. However, elemental selenium, can be 

found in the dust as a result of selenium dioxide reduction due to present sulphur dioxide 

acting as a reduction agent. Roaster dust is a less promising source of selenium 

compared to dust from smelting and converting as the roaster dust is diluted with 

entrained ore. In total the content in of selenium in precipitator dust varies from a few 

ppm to little over 1%. (31) 

Selenium production is coupled to countries with significant copper production. A substantial 

amount of selenium is produced in the United States, but data is hard to find due to company 

proprietary and is therefore not listed in Table 1 below.  

Selenium is sold in four grades. Commercial grade or crude selenium is 99.5 weight percent 

minimum selenium, and is marketed mainly as powder, although granules and lump are 

available. Pigment grade is 99.7 weight percent minimum selenium. High grade is 99.999 

weight percent minimum selenium, with deleterious impurities such as arsenic, iron, mercury, 

and tellurium below 1 to 2 parts per million (ppm). It is sold as pellets or powder. Ultrahigh 

grade is 99.999 to 99.9999 weight percent selenium.(32)  
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Table 1: Selenium World Production, By Country (53) 

SELENIUM: WORLD  PRODUCTION, BY COUNTRY 

 

(Tonnes) 

 

Country 2007 2008 2009 2010 2011 

Belgium 200 200 200 200 200 

Canada 144 156 173 97 35 

Chile 70 78 90 90 90 

Finland 60 64,73 65 60 60 

Germany 650 650 650 650 650 

India 14 14 15 15 16 

Japan 830,4 785,8 739 803,6 630 

Peru 60 60 61 59 59 

Philippines 65 65 65 65 65 

Russia 120 130 140 140 145 

Serbia 7,5 16,827 19,075 10,592 10,6 

Sweden 20 20 20 20 20 

Total 2,240,9 2,240,4 2,237 2,210,2 1,980,6 

 

Selenium prices differ a lot, of course the price is higher the more pure the selenium is. Figure 

1 shows variation of prices for 99,5 % crude selenium differs in dollar per pound during the 

period 2000 and 2012. 

 

 

Figure 1 Price of crude selenium during 2000 and 2012 (54). 
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1.6 Recovery of selenium 

Although selenium minerals are scarce, there are several different techniques for recovering 

selenium from them. Selenium recovery from ores that are rich in selenium are made with 

leaching and flotation techniques. Cyanides and calcium oxychloride have been suggested as 

leaching agents. 

1.6.1 Leaching minerals 

The ability of cyanide solutions to dissolve selenium from selenides is reported and a patented 

method. (33) The method is claimed to be effective on minerals such as eucairite: CuAgSe , 

clausthalite: PbSe and other selenide minerals. The procedure is similar to that used in 

cyanidation of gold ores except that more concentrated cyanide solutions are used (0.1-0.3%). 

Precipitation is then done with zinc or aluminium powder. 

Plaksin on the other hand found that cyanidation was not suitable because of interference during 

precipitation such as selenium coating on the zinc particles (34). Plaksin proposed a leaching 

method which involved calcium oxychloride. The idea with oxychloride is to oxidize selenides 

to selenious acid, and from there use sulphurdioxide or iron as a reducing agent. This method 

recovers 95% or more of the selenium from selenium minerals.  

1.6.2 Recovery of selenium from copper refinery slimes 

In the beginning of electrolytic copper refining there was no interest in recovery of selenium 

from anode slime in the copper refining process. Most of the refineries used to gather the 

precious metals into one big bullion and then separate them. All unwanted elements were then 

just slaged off. Today most refineries have one or more roasting or hydrometallurgical step for 

recovery of selenium. 

1.6.2.1 Roasting of copper refinery slimes  

Roasting is an industrial pyrometallugical expression and includes oxidation, reduction, 

chlorination, sulphation and pyrohydrolysis. All reactions are thermal gas-solid reactions. and 

the choice of roasting process depends naturally on slime composition. Some roasting processes 

for selenium recovery are: 

  

(1) Roasting to form selenites. 

(2) Roasting to produce selenium dioxide.  

(3) Roasting to form selenates. 

(4) Outotec selenium roasting process 

1.6.2.1.1. Roasting to form selenites 

A low temperature roasting process was introduced to the Mansfeld copper refinery in Germany 

in 1957. The goal was to oxidize metal selenides to selenites and thus rendering them soluble 

in alkaline solutions. (35, 36, 37) For example silver selenide in reaction 6. 

 

𝐴𝑔2𝑆𝑒(𝑠) +  𝑁𝑎2𝐶𝑂3(𝑠) + 𝑂2(𝑔)  ⇄ 2𝐴𝑔(𝑠) +  𝑁𝑎2𝑆𝑒𝑂3(𝑠) +  𝐶𝑂2(𝑔)  6 

 

The technique depends on the slimes not being decopperized before roasting because copper 

dioxide serves as a catalyst when silver selenide is oxidized. Oxidation is done at 350-400°C 
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but is difficult to keep the temperature because the reaction is exothermal. After reaction 

completion the roasted material is grinded to a fine powder and leached with a sodium 

hydroxide solution. The overall recovery is said to be 91,4 % after precipitation of selenium. 

Optimal results are obtained with temperatures between 350-380°C, with Mansfeld slimes. 

Since it is hard to regulate the temperature, research has been done to use fluidised beds to get 

a better control over temperature. Even though trials with over 90 % selenium recovery have 

been reported, big problems with agglomeration arose.  

1.6.2.1.2 Roasting to produce SeO2 

Roasting to acquire selenium dioxide from slimes require a higher temperature. It is needed 

partially to dissociate selenite compounds such as silver selenite and partially to make selenium 

dioxide volatile so it can be "trapped" in the scrubbers, according to reaction 7.  

 

𝐴𝑔2𝑆𝑒𝑂3(𝑠)  ⟶ 2𝐴𝑔(𝑠) + 𝑆𝑒𝑂2(𝑠) +  
1

2
𝑂2(𝑔) 7 

 

Temperature needed is about 600-700°C or higher depending on slime composition. At these 

temperatures slimes tend to fuse more and much faster than in low temperature roasting 

processes and fusing is therefore a bigger and acute problem. The exothermal reactions are fast 

and the heat that develops cannot be readily dispersed throughout the whole smelt and therefore 

a lot of selenium is lost by means of not being oxidized. Two patents from American companies 

claim to have solved this problem. (38, 39) 

 

The first patent from American Metal Climax Inc. (38) involves making pellets, noodles or 

briquettes of anode slime and even of other selenium rich materials. Making the materials into 

these shapes with the help of bentonite as a binder also allows for roasting to take place in much 

thicker beds. The moisture content is regulated to 9-12 %. Everything is thoroughly mixed and 

roasted in a rotating furnace or similar devices in a temperature range of 650-760°C. Preheated 

air is introduced in such a way that it can circulate freely through the bed. In this way over 98% 

of the selenium is eliminated and captured in the scrubbers. 

 

The second patent describes a method where a thin layer of anode slime is passed continuously 

through an oven with two temperature zones. In the first zone the temperature is high enough 

to oxidize the selenides with the help of air blown through, but not high enough to volatilize 

the selenium. That happens in the second zone where selenium dioxide is expelled at 600-700°C 

and later captured by the scrubbers.  

1.6.2.1.3 Roasting to form selenates 

The idea is to convert selenium compounds to water soluble hexavalent sodium selenate. A 

general soda ash process involves reactions 8-10: 

 

𝑀 = 𝑀𝑒𝑡𝑎𝑙 

Roasting: 𝑀𝑆𝑒(𝑠) +  𝑁𝑎2𝐶𝑂3(𝑠) +  2𝑂2(𝑔)  ⟶  𝑀𝑂(𝑠) +  𝑁𝑎2𝑆𝑒𝑂4(𝑠) + 𝐶𝑂2(𝑔) 8 

Reduction: 𝑁𝑎2𝑆𝑒𝑂4(𝑠) +  2𝐶(𝑠) ⟶  𝑁𝑎2𝑆𝑒(𝑠) + 2𝐶𝑂2(𝑔)  9 

Oxidation: 𝑁𝑎2𝑆𝑒(𝑠) +  𝐻2𝑂(𝑙) +
1

2
𝑂2(𝑔)  ⟶ 2𝑁𝑎𝑂𝐻(𝑎𝑞) + 𝑆𝑒(𝑠)  10 
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This is a good way to get rid of tellurium impurities provided that tellurium also is oxidized to 

its hexavalent state because sodium tellurates solubility in the alkaline solution is very limited. 

In order to provide conversion of selenium to water soluble species, there are two major 

conditions. The first is a proper and careful mixing of anode slime and soda ash. The second is 

that the air supply has to be high enough so an open texture can be maintained. Temperature is 

also important and varies because if the mixture is allowed to fuse it will result in a blocking of 

pores and air will not be able to reach un-reacted material. Agglomeration depends on the 

composition´s lowest melting component, therefore the temperature must be under strict 

surveillance. After roasting the product is leached with water and sent to refining.  
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1.6.2.1.4 Outotec selenium roasting process 

The roasting of selenium containing slime is done in an electrically heated furnace where the 

temperature is about 500 °C. Selenium compounds react at this temperature with oxygen 

forming gaseous selenium dioxide. Selenium is then sucked from the furnace into an aqueous 

solution where it's reduced to elemental selenium by sulphur dioxide. Elementary selenium and 

sulphuric acid is generated in the solution at a temperature of 80 °C. Selenium crystals are then 

filtered, washed and dried.  

The elementary selenium is of commercial grade (99,5%) selenium. The acquired purity is very 

high considering the selenium content of the roaster slime is normally about 0,5% 

The Outotec selenium furnace is able to provide a very even roasting result due to the fact that 

the furnace has an exceptionally efficient gas circulatory system. The system offers 

homogenous atmospheric conditions throughout the roaster which leads to near complete 

removal of selenium from slimes during the process. 

A key part of the process is the injector, which creates a vacuum in the roaster and mixes the 

selenium containing gas into the circulating solution. 

Furthermore, the Outotec selenium roasting process provides clean operations and hygienic 

working conditions. 

1.6.3 Outotec selenium recovery process during Kaldo processing of copper anode slimes 

 

1.6.3.1 Charging 

The process starts with filling a furnace with dry pressure leached de-copperized anode slime 

see Figure 2. The furnace can also be filled with other dry materials and secondary material like 

converter slag. The material is added in different charges so it can be evenly distributed and 

mixed. The furnace is slowly rotated to help with the distribution and mixing. The material is 

dried and heated to 800-900 °C but not melted as long as wet material is added. Calculated 

amounts of fluxes are also added to the furnace. 

1.6.3.2 Smelting / Reduction 

When the Kaldo is full, the temperature is increased to 1150 °C so that smelting can begin. The 

rotation of the furnace is also increased. In the fluxes is included a part of coke breeze for 

reduction of all the precious metals and selenium. In addition some of the remaining copper 

along with a quantity of lead, tellurium, bismuth and antimony is also reduced. The slag phase 

is sampled and checked for silver content. If the silver content is approved meaning that there 

is little or no silver in the slag phase, the slag is tapped. If not, a small portion of coke breeze is 

added until the silver content in the smelt slag nearly zero can be approved. The smelt slag is 

then tapped into a ladle. 

The furnace is filled with a new portion of anode slime and fluxes. The procedure of smelting 

and tapping is repeated several times. The furnace can totally accommodate 7-10 tonnes of 

material before converting has to be started. 
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1.6.3.3 Converting / Refining 

The impure metal phase is left in the furnace after the last smelt slag has been tapped of. During 

the converting, air is blown on the metal phase surface at a high speed. Silica is added in order 

to form a lead silicate slag, PbSiO3, which has a low melting point. Lead is firstly oxidized, 

after that it's antimony and bismuth. These metals are all included in the converter slag. Sulphur, 

selenium and tellurium are also oxidized. Most of the tellurium remains in the converter slag 

but some is volatilized and leaves the furnace with the process gas as TeO2 gas. Selenium is 

oxidized to SeO2 gas and leaves the Kaldo with the process gas as well, see Figure 2. The SeO2 

gas is captured in the gas cleaning system where it forms selenious acid, see below. Sulphur is 

oxidized to SO2 and follows the process gas similar to SeO2 and TeO2.This is, however, 

unfortunate as sulphur dioxide acts as a reducing agent and reduce selenious acid to elemental 

selenium at certain conditions, see below. 

 

Converter slag is tapped whenever it is needed. The final step in the process is that some soda 

is added to get rid of final impurities such as Te, Sb, and Cu. 

1.6.3.4 Outotec gas cleaning process and equipment 

Process gas is created when operating a Kaldo furnace. To be able to take care of this gas the 

plant requires a proper gas cleaning system. Figure 2 shows a complete gas cleaning system as 

well as a selenium recovery system. 

 

 

Figure 2 Simplified flow diagram of Outotec Kaldo smelting process including gas cleaning and selenium recovery 

systems 

Outotecs gas cleaning system consists of the following major parts: 

Quencher, Venturi, Droplet separator, Wet ESP an Absorption tower 

The equipment along with the corresponding processes are described below.  
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1.6.3.4.1 Venturi system 

The first part of the gas cleaning system is the Venturi system. The process gas is first directed 

here and the gas temperature can vary between 200-600°C. The process gas contain 

approximately 5% of the charged material as dust as well as gaseous material such as SeO2, 

TeO2, SO2 and As4O6 for example. Figure 3 shows the first part of the gas cleaning system 

consisting of quencher, Venturi scrubber and droplet separator. 

 

Figure 3 Venturi scrubber and droplet separator. 

A solution called venturi solution circulates over the venturi system. The solution captures dust 

and soluble gas components from the process gas. The gas mixture enters from the top of the 

quencher. There is a high pressure drop over the venturi throat that creates very small droplets 

of the solution. This allows the liquid to capture dust and gaseous components more efficient. 

The pressure drop is about 2,5-20 kPa depending on the speed of the two Venturi fans that drive 

the process gas through the whole system and the regulator opening of the throat. 

Incoming gas flow to the quencher in Figure 2 is ~ 4000 Nm3/h. Outgoing gas from the Venturi 

is ~ 5600 Nm3/h. The Venturi scrubber and droplet separator works so efficient that up to 99% 

of the incoming dust particles are captured. The dust content in the outgoing gas from top of 

the droplet separator will be in the area of 50-60 mg/Nm3. 

The absorption of gaseous components of the process gas occurs according to  reactions 11-14: 

𝑆𝑒𝑂2(𝑔) +  𝐻2𝑂(𝑙)  → 𝐻2𝑆𝑒𝑂3(𝑎𝑞) 11 

𝑇𝑒𝑂2(𝑔) +  𝐻2𝑂(𝑙)  →  𝐻2𝑇𝑒𝑂3(𝑎𝑞) 12 

Samples from circulating 

solution were taken here 
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𝐴𝑠2𝑂3(𝑔) +  3 𝐻2𝑂(𝑙)  → 2 𝐻3𝐴𝑠𝑂3(𝑎𝑞) 13 

𝑆𝑂2(𝑔) +  𝐻2𝑂(𝑙)  →  𝐻2𝑆𝑂3(𝑎𝑞) 14 

When absorbed, these gases will lower pH of the venturi solution. Sodium hydroxide solution 

is added to keep pH around 4-5. This is done to minimize deposits of elemental selenium, 

because selenious acid has a tendency to be reduced to elemental selenium at pH lower than 4. 

1.6.3.4.2 Wet-ESP separator  

After the droplet separator the process gas is directed to Wet Electro-Static Precipitator or (Wet-

ESP) see Figure 2. When the gas enters the precipitator it is exposed to an intense electrical 

field. The particles suspended in the gas become charged and migrate under influence of 

electrostatic forces towards the inner damp surface of the Wet-ESP. The particles looses their 

charge immediately upon contact and are retained by surface tension at the damp surface. As 

more and more particles sticks to the surface gravity slowly pulls them down to the bottom. 

Every 8 hours the Wet-ESP is flushed with water in order to flush out dust deposits. Outgoing 

gas will now contain less than 2 mg dust / Nm3.  

1.6.3.4.3 Absorption tower 

The process gas after the Wet-ESP is directed to the absorption tower. Ventilation gases from 

the selenium precipitation tanks containing SO2-gas are also directed here. The tower is 

designed to absorb 85-90% of the SO2-gas.  

In order to capture SO2 the absorption tower has its own circulation solution containing sodium 

hydroxide with a pH above 8. When the pH drops below pH 8 more sodium hydroxide is added.  

The main reactions (15,16) that happens in the absorption tower are: 

𝐻2𝑆𝑂3(𝑎𝑞) + 2 𝑁𝑎𝑂𝐻𝑎𝑞  →  𝑁𝑎2𝑆𝑂3(𝑎𝑞) +  2 𝐻2𝑂(𝑙) 15 

𝑁𝑎2𝑆𝑂3(𝑎𝑞) +  
1

2
𝑂2(𝑞)  → 𝑁𝑎2𝑆𝑂4(𝑠)  16 

The second reaction happens because of the solutions contact with air. From time to time a part 

of the solution has to be bled off, because of the increased concentration of sodium sulphate 

and sulphite. 

1.6.3.4.4 Treatment of the Venturi solution 

The concentration of selenium in the Venturi solution increases during a Kaldo cycle. The 

biggest increase occurs during the converting step of the Kaldo process. The venturi solution 

from the gas cleaning system normally contains 30-50 g/l selenium, but it can contain as much 

as 100-120 g/l. When suitable selenium concentration is achieved or when a Kaldo cycle is 

completed the venturi solution is tapped to a precipitation tank, see Figure 2. The pH in the 

solution is raised to 6-7 by the means of sodium hydroxide addition to precipitate impurities 

such as lead and bismuth compounds.  

The precipitated impurities as well as undissolved dust constitute of so called venturi slime is 

separated in a filter press and the filtrated solution is directed to the first selenium precipitation 
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tank. The slime contains essential amount of precious metals. It had a content of ~ 8% silver 

during commissioning of the current installation and the slime is recycled to the Kaldo furnace. 

1.6.3.4.5 Selenium recovery from Venturi solution 

Recovery of selenium from Venturi solution is performed in 2 steps.  

1.6.3.4.5.1 Precipitation of selenium, step 1 

Venturi solution from the gas cleaning system after precipitation of venturi slime and filtration 

is collected in a selenium precipitation tank. The solution is first heated to 75-80 °C. After that 

SO2-gas is fed to the solution via a dip pipe. Selenium in solution is reduced by SO2 and 

elementary selenium is precipitated. The reaction is given below in chapter 1.7.  

As long as the selenium concentration is high the efficiency of SO2- reduction is high. The 

normal SO2-gas feed is about 40-50 Nm3/h. The solution is continually analysed and the 

precipitation stops when there is approximately 2-3 g/l selenium. Precipitation is terminated at 

this concentration in order to avoid contamination of crude selenium by precipitation of 

unwanted impurities. Unreacted SO2 is ventilated to the absorption tower in the gas cleaning 

system. The slurry is then filtrated in a filter press. The filtrate is pumped to the second tank for 

precipitation of selenium. The filter cake is then washed with water with the volume of 

approximately 5 times the filter cake volume. The produced so called crude selenium is then 

packed and sold. 

1.6.3.4.5.2 Precipitation of selenium, step 2 

Selenium remaining in the solution is collected in the second precipitation tank. The procedure 

of precipitation is similar to precipitation of crude selenium. In this step, however, the efficiency 

of SO2-reduction is not so efficient because of the low selenium concentration. Nevertheless, 

the precipitation will continue until the remaining concentration of selenium is < 50-60mg/l. 

The slurry is then pumped to another filter press for filtration. The filtrate is sent to a waste 

water treatment plant. The filtercake from the second selenium precipitation tank is recycled to 

the Kaldo furnace. 

 

1.7 Selenium precipitation reaction in the venturi solution 

Reactions 8 and 9 given below are reduction reactions. The reaction with the lowest reduction 

potential and correspondingly the lowest stability constant (K), in this case reaction 8, will be 

reversed and serve as the oxidation reaction. Reaction 8 will also have to be multiplied by 2 to 

make the sum reaction 19. (28)  

 

      

2 ∗ (𝑆𝑂4
2− +  4𝐻+ +  2𝑒− ⇋  𝑆𝑂2(𝑎𝑞) + 2𝐻2𝑂)   17 

𝐻2𝑆𝑒𝑂3 +  4𝐻+ +  4𝑒−  ⇋ 𝑆𝑒(𝑠) +  3𝐻2𝑂  18 

𝐻2𝑆𝑒𝑂3 +  2𝑆𝑂2(𝑎𝑞) +  𝐻2𝑂  ⇋ 2𝑆𝑂4
2− 4𝐻+ +  𝑆𝑒(𝑠) 19 

 

Table 2 Stability constants and reduction potential values for reaction 8, 9 and the sum reaction 10 

 log K E°/V Reaction Nr 

 5,3 0,16 17 
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 50 0,74 18 

Sum: 39,4 0,9 19 

 

Even though a log K value of 39,4 of reaction 10 doesn't say anything about the reaction 

kinetics, the high stability constant suggests a strong shift to the right, which can indicate that 

the reaction is thermodynamically feasible. 

1.8 Other selenium recovery techniques 

1.8.1 Leaching of copper anode slimes  

Recovery of selenium from copper anode slime can also be performed by leaching. 

Leaching of copper anode slime is usually done in either an acidic or in an alkali environment. 

Depending on how selenium is recovered further, one of these techniques are chosen. 

1.8.1.1 Leaching with sodium hydroxide 

In general a temperature of 200 °C is used along with a sodium hydroxide concentration of 100-

500 g/l depending on the concentration of selenium in the slimes. Oxygen partial pressures 

varies from1,5 bar to 17 bar. Reaction time can be as long as twelve hours to achieve acceptable 

selenium extraction. Leaching of selenium and tellurium occurs according to reactions 20 and 

21:  

 

𝑆𝑒(𝑠) + 
3

2
𝑂2(𝑔) +  2𝑁𝑎𝑂𝐻(𝑎𝑞)  =  𝑁𝑎2𝑆𝑒𝑂4(𝑎𝑞) +  𝐻2𝑂(𝑙) 20 

𝑇𝑒(𝑠) +  
3

2
𝑂2(𝑔) +  2𝑁𝑎𝑂𝐻(𝑎𝑞)  =  𝑁𝑎2𝑇𝑒𝑂4(𝑠) +  𝐻2𝑂(𝑙) 21 

 

Conversion of tellurium to the hexavalent form is complete while the extent of selenium 

conversion to the hexavalent form is a function of temperature, alkalinity and oxygen pressure. 

Total conversion of tellurium to the hexavalent form insures sodium tellurate's virtually 

complete insolubility in the alkaline leach solution, thereby allowing an essentially quantitative 

separation from the soluble selenium compounds. 

 

The advantages of alkaline pressure leach process is its comparatively non-corrosive medium, 

no volatile selenium loss, no scrubber or gas cleaning apparatus and a substantially quantitative 

separation of selenium and tellurium. 

 

The drawbacks, however, are a major oxygen consumption, because oxygen is not only 

consumed in the oxidation of selenium and tellurium but also utilize in a variety of oxidation 

reactions of other species in the slime. Sodium hydroxide consumption may also be high since 

lead sulphate PbSO4 is converted to sodium plumbate Na2PbO3 and silica in the slimes is 

converted to sodium silicate Na2SiO3. In fact, in principal all metal sulphates present in the 

slimes are converted to their respective oxide, hydroxide or sodium salts.(40) Another problem 

is that the substantial amount of selenium in the solution is hexavalent. Sulphur dioxide which 

is the most common reduction agent cannot reduce hexavalent selenium. Thereby it is necessary 

to introduce separate reduction steps which is expensive and time-consuming. Complications 
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associated with a caustic pressure leach especially with regards to the recovery of the selenium 

is a major limit to the use of this approach in an industrial scale. (41) 

 

1.8.1.2 Sulphuric acid leaching in the presence of oxygen. 

Removing copper and tellurium from anode slimes can be done in an autoclave at a pressure of 

10 bars and temperatures at 100-200 C° with sulphuric acid and in the presence of oxygen 

without having selenium leached. The primary reactions for copper are reactions 22-24: 

 

𝐶𝑢2𝑂(𝑠) +  𝐻2𝑆𝑂4(𝑙) +  𝑂2(𝑔)  →  𝐶𝑢2𝑆𝑂4(𝑎𝑞) +  𝐶𝑢(𝑠) +  𝐻2𝑂(𝑙)  22 

 

𝐶𝑢(𝑠) +  𝐻2𝑆𝑂4(𝑎𝑞) +  
1

2
𝑂2(𝑔)  →  𝐶𝑢2𝑆𝑂4(𝑎𝑞) +  𝐻2𝑂(𝑙)  23 

The primary reaction for tellurium is: 

 

𝐶𝑢2𝑇𝑒(𝑠) +  𝐻2𝑆𝑂4(𝑙) +  2𝑂2(𝑔)  →  2𝐶𝑢𝑆𝑂4(𝑎𝑞) + 𝐻2𝑇𝑒𝑂3(𝑎𝑞) +  𝐻2𝑂(𝑙) 24 

 

Autoclave technology, is due to its high reaction rate, compactness of its equipment, and low 

emissions into the environment, the one preferred method for removing copper and tellurium 

from anode slime.(42) Concentration of the sulphuric acid, pressure in the autoclave, oxygen 

or air added, leaching time and composition of the anode slime are of course factors, that one 

have to consider and regulate to see to it that as selenium does not get leached and leave the 

slime. After pressure leaching the anode slime is sent to a filter press and dried. Selenium in the 

slime is then captured in the scrubbers after it has been burnt off as SeO2 in a refining step in a 

Kaldo furnace for example. 

1.8.2 Recovery from aqueous solutions 

Selenium usually end up in some kind of solution after it has been recovered from ore in one or 

another process. Dissolved selenium may have a valance of -2,+4,+6 and many industrial 

solutions contain selenium in more than one valance state. Selenium recovery depends on the 

valance state as well as the impurities present in the solution. Below follows a short description 

of recovery techniques of selenium from its three most common valence states. 

1.8.2.1 Recovery from the -2 valence state 

One way to recover selenium from the -2 valence state which involves soda is described in 

chapter 1.6.2.1.3 

Another way is an example from an old roasting process for treating copper refinery slimes 

used in Boliden (43) where the resulting solution contained carbonate, selenite and selenate of 

sodium. The solution was evaporated to dryness and then the material was reduced with coke 

to form sodium selenide. The resulting selenide was then redissolved in water and sparged with 

air: 90% of the selenium was precipitated according to reaction 25: 

 

2𝑁𝑎2𝑆𝑒(𝑎𝑞) +  𝑂2(𝑎𝑞) +  2𝐶𝑂2(𝑎𝑞)  ⟶ 2𝑆𝑒(𝑠) + 2𝑁𝑎2𝐶𝑂3(𝑎𝑞)  25 
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1.8.2.2 Recovery from the +4 valence state 

The +4 valence state of selenium is its most common valence state in solutions. This is because 

selenium is often volatilized as SeO2 gas and then captured in aqueous solutions such as slightly 

acidic scrubber solutions. The SeO2 gas forms selenious acid, H2SeO3, when it comes in contact 

with water. Sulphur dioxide SO2 is usually used to precipitate selenium according to reaction 

19 given above. 

1.8.2.3 Recovery from the +6 valence state 

Hexavalent selenium is one of the most complicated valence states of selenium. It is difficult 

because hexavalent selenium cannot be reduced with only sulphur dioxide. Usually reduction 

of hexavalent selenium involves a two step process. The first goal is reduction of selenium to 

the tetravalent state using a halide, thiourea or hydrochloric acid HCl, (44) like reaction: 26 

 

𝑆𝑒𝑂4(𝑎𝑞)
2− +  4𝐻+

(𝑎𝑞) +  2𝐶𝑙−
(𝑎𝑞) ⇌  𝐻2𝑆𝑒𝑂3(𝑎𝑞) + 𝐶𝑙2(𝑎𝑞) +  𝐻2𝑂(𝑙)  26 

 

At the second step sulphur dioxide can be used to reduce tetravalent selenium to elemental state 

according to reaction 10  

2. Refining of selenium 

It is commonly known in materials that are used for semiconductors that impurities and 

imperfections will make a big difference in performance. It is very important that these 

materials are of high grade, see chapter 1.5. The most common impurity in selenium is 

tellurium. Due to similar chemical properties tellurium is also the most difficult to remove. The 

procedures of selenium refining is roughly divided into chemical and physical purification. The 

different process methods usually involves both purifications steps.  

2.1 Chemical methods of refining 

 Selective precipitation 

 Selective leaching and recrystallization 

 Oxide purification 

 Hydride purification 

 Chloride purification.  

The first three methods are described shortly below but all these methods have one thing in 

common and that is to prepare an intermediate compound so that selenium can be easily 

recovered and purified to a high grade of 99,999 % and above.  

2.1.1 Selective Precipitation 

Before precipitating selenium with sulphur dioxide to ultra high grade 99,9999 selenium. 

Wagenmann and Whele (45, 46) proposed a refining procedure involving MgSeO3*6H2O as an 

intermediate compound. This compound is dissolved in acid and re-precipitated just like a 

recrystallization procedure. After the final dissolution the elemental selenium is precipitated 

from the selenite solution by bubbling SO2 through the solution. 
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2.1.2 Selective leaching and recrystallization 

Selenium is soluble in aqueous sodium sulphite solutions. This has been exploited and has 

found an industrial application.(47) The reaction is shown in reaction 27: 

 

𝑁𝑎2𝑆𝑂3(𝑎𝑞) + 𝑆𝑒(𝑠)  ⇄  𝑁𝑎2𝑆𝑒𝑆𝑂3(𝑎𝑞) 27 

 

In this process commercial grade (99, 5%) selenium is used. It is dissolved in hot boiling sodium 

sulphite solution and the solution is filtered. The solution is then allowed to cool and elemental 

selenium recrystallizes while the solution cools. This method is possible because the reactions 

equilibrium constant is significantly influenced by temperature. Selenium has a high solubility 

in hot sodium sulphite and vice versa. The procedure is repeated a number of times to increase 

purity. With this method less than 80 ppm of contamination will remain because tellurium and 

other contaminations have limited solubility in sodium sulphite solutions. 

2.1.3 Oxide purification 

A well-established method of selenium purification is to oxidize selenium followed by 

sublimation of selenium dioxide. Selenium dioxide is a stable oxide and is very volatile, it 

sublimes at 315 °C. In the late 19th century, boiling sulphuric acid (bp 337 °C) was used as an 

oxidizing agent to oxidize selenium.(48) The purified selenium dioxide was then sublimated. 

 

Roseman, Neptune and Allan (49) used hydrogen peroxide dissolved in an aqueous selenium 

slurry but were only able to recover about 69 % of the selenium dioxide crystals after filtration.  

 

The Canadian Copper Refiners Limited (50) was  the first company to use selenium oxide in an 

industrial purification process. They use a catalyst at moderate temperature 370- 425 °C and air 

to oxidize selenium vapour. After cooling the reaction gases the resulting selenium dioxide is 

collected and dissolved in de-ionized water. The selenious acid that forms is then reduced by 

chemically pure SO2 to produce high grade 99,999 selenium (51). 
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3. Experimental section 

3.1 Chemicals and solutions 

All chemicals used for the analyses and instrument calibration was of p.a quality if not 

otherwise stated and used without any further purification. 

3.1.1 Standard solutions and indicators 

 

3.1.1.1 Potassium iodide solution 

A ~ 3 M KI solution was made by dissolving ~ 500 g of KI in 1000 ml of de-ionized water. 

3.1.1.2 Starch indicator 

Starch indicator was made by making a paste of 5 g of soluble starch in 50 ml of de-ionized 

water. The paste was poured into 500 ml of boiling de-ionized water and boiled until the 

solution was clear. 

3.1.1.3 Potassium iodate solution  

4 g of the KIO3 salt was dried at 120 °C during an hour before weighing. A ~ 0,026 M KIO3 

solution was prepared by dissolving ~2,8 g of KIO3 in de-ionized water in 500 ml volumetric 

flask. The flask was mixed properly providing that all KIO3 was dissolved. The exact 

concentration of the solution from the weighed amount of the salt was calculated 

 

3.1.1.4 Sodium thiosulphate solution 

Sodium thiosulphate solution was standardized according to the following procedure: 

A ~ 0,161 M Na2S2O3 solution was prepared by dissolving ~ 40,0 g of Na2S2O3.5H2O in 1000,0 

ml of Milli-Q water containing 0,10 g Na2CO3. The solution was stored in a tightly capped 

amber bottle.  

15,00 ml of KIO3 solution was put into a clean 300 ml E-flask. 4 ml of the potassium iodide 

(KI) solution was added and 5 ml of diluted (1:10) sulphuric acid. Finally Milli-Q water up to 

~50 ml of the total volume of the solution in the flask was added. 

A 50,0 ml burette with the Na2S2O3 solution was filled and immediately a titration of the 

KIO3/KI solution began and continued until the solution had lost almost all its colour (pale 

yellow). The solution was agitated with a magnetic stirrer during the whole titration.  

Starch indicator was added and the titration was completed with only a few drops until the 

solution had lost almost all its blue colour. The reading of the volume of the Na2S2O3 solution 

required for the titration was recorded. 

The titration was repeated two additional times and the mean volume of the Na2S2O3 solutions 

was calculated. The mean volume was 15,72 ml. 

The concentration of the Na2S2O3 solution was calculated with the following formula: 
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𝐶𝑁𝑎2𝑆2𝑂3
(𝑀) =  

15,00 𝑚𝑙 ∗  0,026𝑀 ∗ 6

𝑉𝑁𝑎2𝑆2𝑂3 (𝑚𝑙)
 

The concentration of the sodium thiosulphate solution was 0,149 M 

3.1.1.5 Other solutions and liquids 

i. Diluted (1:4) sulphuric acid, was used in selenium concentration analysis. 

 

ii. Diluted hydrochloric acid, was used for cleaning. 

 

iii. Milli-Q water (Millipore, Milli-Q plus 185) was used for making sodium thiosulphate 

solution and selenium standard solutions of concentrations shown in Table 3 

 

iv. De-ionized water was used in selenium analyses of standard solutions, for making 

quinhydrone solutions and in cleaning 

 

v. In order to make a 30g/l "standard" selenium solution 6,0043g of solid SeO2 was 

dissolved in 200 ml Milli-Q water. The other solutions were made according to Table 

3. The solutions were then titrated to determine real selenium concentration, see chapter 

4. 

 

Table 3 "Standard" solutions of selenium for titration 

Sample Nr  Concentration 

(g/l) 

Concentration 

(M) 

Final volume 

ml 

Volume taken 

from standard 

30 g/l  

1 30g/l 0,38 200 ml = 

standard 

solution 

0,00 ml 

2 15g/l 0,19 100 ml 50,00 ml 

3       7,5g/l 0,095 100 ml 25,00 ml 

4 3,75 0,047 100 ml 12,50 ml 

5 1,1875g/l 0,024 100 ml 6,25 ml 

5 0,9375g/l 0,012 100 ml 3,13 ml 

 

vi. pH buffers provided by Metrohm (pH 4 and pH 7) for calibration of the pH electrode 

 

vii. Quinhydrone solution was made just before the calibration of the platinum electrode. 

The solution was made by filling a test tube with de-ionized water to about half the test 

tubes volume and adding quinhydrone until no more dissolved. 
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3.2 Sampling of the solution during commissioning of a precious metal plant.  

The samples of solution were taken from: 

      a) Venturi solution: 

i. From a hatch in the quencher, see Figure 3 

ii. From a hatch in the circulation tank, see Figure 2 

b) Selenium solution 

i. First Se-precipitation tank Figure 2 

ii. Second Se-precipitation tank Figure 2 

The samples from the circulation tank and from the precipitation tanks were taken with the help 

of a long metallic sampler. 

A helmet, protective goggles, rubber gloves and gas mask was used when taking samples, 

because the venturi solution contains sulphuric and selenious acids. Apart from this, gaseous 

emissions can occur when sampling from quencher. 

The hatch at the quencher was difficult to open and keep open due to underpressure created by 

the venturi fans. The samples were transferred to a sampling beaker after every sampling and 

the potential was measured instantly in order to avoid influence of oxygen in air. Sample 

volume varied between 200-300 ml. Each sample was then transferred into a plastic bottle 

sealed with a cork. The beaker was properly cleaned according to cleaning procedure chapter 

3.3.4. 

The plastic bottles were then taken to a small lab station at the plant, where pH measurements 

were done. After pH measurements all the samples were filtrated and transferred to a new clean 

beaker. Aliquots of the filtrate were taken and they were analysed for selenium concentration 

according to 3.3.1.  

3.3 Methods 

3.3.1 Selenium Analysis 

A simple and reliable analysis, for determination of selenium concentration in solutions was 

tested at Umeå University before it was implemented on site. The analysis is described below. 

Depending on which stage of the process samples were taken, the volumes of samples varied 

from 25 ml in the early stage of Kaldo smelting, down to 1 ml in the converting and refining. 

The samples were diluted with 50 ml de-ionized water and 30 ml of diluted (1:4) analytical 

grade sulphuric acid. After addition of sulphuric acid ~ 6 ml of potassium iodide solution and 

~ 4 ml of starch indicator was added.  

 

The mixture was then agitated with a glass rod and titrated with the standard sodium 

thiosulphate solution. The equivalence point was reached when the starch-iodine indicator had 

lost almost all its deep blue colour.  
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The selenium concentration was calculated using the following formula: 

 

Atomic weight of selenium(78,96 g/mol) 

 

𝐶𝑆𝑒−𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑔/𝑙) =
𝑉𝑁𝑎2𝑆2𝑂3

(𝑚𝑙) ∗  𝐶𝑁𝑎2𝑆2𝑂3
(𝑀) ∗

78,96
4

𝑉𝑆𝑒−𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝑙)
 

 

 

3.3.2 pH measurements 

A portable 826 pH mobile meter for measurements of pH and redox potential was used. The 

pH- electrode was a Primatrode with NTC (IP67). 

In order to calibrate the pH electrode, pH buffers solutions of pH 4 and 7 provided by Metrohm 

were used.  

3.3.3 Redox potential measurements 

For redox potential measurements a combined platinum-ring 60451100 electrode. 

Calibration of the ORP-electrode was done before the start of a Kaldo cycle. 

To calibrate electrode the quinhydrone (quinon-phenol equilibrium 14).(52) was utilized. 

 

𝐶6𝐻4𝑂2(𝑠) +  2 𝐻+ +  2 e− ⇋  𝐶6𝐻4(𝑂𝐻)2(𝑠)  14 

 

The procedure was as follows:  

1. Sufficient quinhydron was added so that the solution was saturated and some remained 

undissolved in a Metrohm pH 7 buffer solution. 

2. The ORP electrode was rinsed with de-ionized water before dipping it in the buffer.  

3. The electrode was put in the pH 7 buffer solution and the electrode was gently stirred.  

4. The electrode was allowed to stabilize for, 30 to 60 seconds before reading. 

5. The ORP electrode was then rinsed with de-ionized water.  

The readings should be within about ±15mV from the following values in table 4 (52):  

Table 4 Electrical potential intervals (52). 

Readings pH 7 Buffer / Quinhydrone Mixture    

Temperature: 20°C 25°C 30°C 

Readings: 96mV  90mV  83mV  
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3.3.4 Cleaning procedure 

To prevent contamination, all the plastic and glassware was carefully cleaned and rinsed before 

use. First it was cleaned with regular tap water and detergent, then rinsed with some diluted 

HCl, then again rinsed with regular tap water and finally washed with de-ionized water. 

 

3.3.5 Calculations 

Calculations were done with Microsoft Excel accept for the equilibrium calculations 

described in chapter 3.3.6. 

 

3.3.6 Data treatment and equilibrium calculations (Pourbaix diagrams) 

Knowledge of the stabilities of both ionic and non-ionic species in aqueous solutions is critical 

to understand problems of corrosion, dissolution, leaching, electrochemical and selective 

precipitation. This information can be displayed graphically in Eh/pH/or Pourbaix diagrams. 

Pourbaix diagrams show the stability areas of ions, non-ionic as well as solid and gaseous 

compounds of a certain element in aqueous solutions.  

 

A computer program called HSC-Chemistry which has basic thermochemical H (enthalpy), S 

(entropy) and Cp (heat capacity) database for the 25 000 most common industrial chemicals 

was used to draw Pourbaix diagrams and to help determine which species of selenium that 

should be the dominant at the given experimental conditions, concentration, pH, Eh and 

temperature. 

Characteristics and limitations of a Pourbaix diagram are shown in Appendix B 
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Below is a Pourbaix diagram given for selenium. It was compiled with the following 

conditions: 

i. Temperature: 25,00 °C 

ii. Concentration: 1 molal 

iii. Pressure: 1 bar 

 

Figure 4 Selenium Pourbaix diagram. 

Figure 4 shows a Pourbaix diagram for the selenium system. The more oxidized species, such 

as selenate, are found toward the  positive-potential upper part of the diagram, while the more 

reduced species such as selenide, are found toward the  negative-potential lower part of the 

diagram. Similarly, the more basic species are found to the right (high pH) and the more 

acidic species (low pH) to the left .  
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4. Results  

4.1 Selenium analysis at Umeå University 

The series of prepared selenium solutions see chapter 3.1.1.5,was titrated with the standard 

sodium thiosulphate solution (Na2S2O3) according to the procedure described in chapter 3.3.1. 

 

Two titrations were done for each selenium concentration. The results of the titration are given 

in Table 5. 

 

Table 5 Titration volumes  

Volume of the titration solution (Na2S2O3) needed 

Sample Nr 1:st titration 2:nd titration Average Standard 

deviation 

(ml) 

1. 6,38ml 6,34ml 6,36ml 0,028 

2. 5,91ml 5,87ml 5,89ml 0,028 

3. 6,36ml 6,35ml 6,355ml 0,007 

4. 5,80ml 5,82ml 5,81ml 0,014 

5. 5,17ml 5,23ml 5,2ml 0,042 

6. 5,92ml 6,27ml 6,095ml 0,247 

 

The calculated average for the individual samples was used for calculating the actual selenium 

concentration 

Real selenium concentration in molar (M) was calculated according to: 

 

𝐶𝑠𝑒 =
𝑉𝑁2𝑆2𝑂3

(𝑚𝑙) × 𝐶𝑁2𝑆2𝑂3
(𝑀)

𝑉𝑆𝑒−𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 ×4
 

Table 6 Comparison between calculated and actual concentration and the difference in % 

 Calculated 

concentration (M) 

Real concentration 

(M) 

Difference %  

1. 0,271 0,241 11 % 

2. 0,135 0,111 18 % 

3. 0,068 0,060 11 % 

4. 0,034 0,031   9 % 

5. 0,016 0,015   6 % 

6. 0,009 0,009   0 % 

 

The difference between calculated and actual concentration could be that this was the first time 

the titration was made and that it was difficult to see when the solution changed colour from 

dark red to grey red e.g. overtitration occurred. There is a trend however from titration 3 down 

to the last titration of better and better results. Determination of concentration of Na2S2O3 can 

also be incorrect as mentioned above and another possibility could be that the SeO2 is impure 

or wet or that the weigh-in of SeO2 was faulty. 
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4.2 pH, redox and selenium measurements 

The results in the form of tables and diagrams from 2 Kaldo cycles at site during processing of 

anode slime at a precious metal plant are presented below. More data such as titration volume, 

total selenium concentration and selenium content is found in Appendix A  

4.2.1 Kaldo Cycle 1 

Solution sample 1 was taken from the quencher. Approximately 15 minutes later a solution 

sample was taken from the circulation tank. Samples 2-6 from the quencher and circulation 

tank was taken within the same time interval as mentioned above. 

Table 7 Solution samples from the circulation tank (Kaldo cycle 1) 

 

Sample nr Selenium concentration (g/l) pH Potential (mV) 

1 0,22 2,12 325,00 

2 0,08 1,59 412,00 

3 0,00 2,30 347,00 

4 0,00 5,77 102,00 

5 0,00 2,45 312,00 

6 0,61 2,48 327,00 

7 6,45 2,41 343,00 

8 13,67 2,36 348,00 

9 17,65 2,42 350,00 

10 17,84 2,42 347,00 

  

A final selenium concentration of 17,84 g/l shown in Table 7, can be compared with the 

results of the analysis results from the Plant laboratory Appendix D, which showed a final 

selenium concentration of 20,98 g/l. This gives a total difference of about 40 kg selenium 

after the first Kaldo cycle and shows that there may be analysis problems. 

Table 8 Samples from quencher (Kaldo cycle 1) 

 

Sample 

nr 

Selenium concentration (g/l) pH Potential (mV) 

1 0,07 1,84 330,00 

2 0,20 1,49 385,00 

3 0,00 7,76 -87,00 

4 0,00 3,67 225,00 

5 0,00 3,05 281,00 

6 0,70 2,97 299,00 

 

Table 7 and 8 display the results from the first Kaldo cycle. During the first cycle, the first 6 

samples of the circulating solution were taken from the quencher and the circulation tank to 

determine if there was any significant difference in potential, pH or selenium concentration 

between these 2 locations. A quick statistical test was implemented to help with the 

determination. The hypothesis was that there would be no significant difference in potential, 
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pH and selenium concentration between these 2 locations and that the difference is caused by 

random events.  

 

The calculation showed a probability of approximately 67 % that the difference in potential, pH 

and selenium concentration between the two locations was caused by random events. This 

meant that the probability of the difference in potential, pH and selenium concentration not 

caused by random events, was near 33 %. This calculation was very vague and more 

measurements should have been needed to make an accurate assessment, see chapter 5.1 

 

Samples 6 from both the quencher and circulation tank are the first samples taken during 

converting step of the Kaldo process. As mentioned in chapter 1.6.3.5 pH in the circulating 

solution need to be around 4-5 to prevent undesirable selenium precipitation. During the first 

Kaldo cycle, however, the automatic pH regulation in the circulation system did not work 

properly. There were severe problems with the pump providing the sodium hydroxide solution. 

Despite the pH-regulation problems, selenium concentration in the venturi solution kept 

increasing during the converting step, as can be seen in Table 8 and Figure 5. A final 

concentration of selenium of 17,84 g/l is, however, lower than the expected in the end of a 

Kaldo cycle, see Chapter 1.6.3.8. This can be attributed to the bad pH regulation causing 

selenium to precipitate during the Kaldo cycle. 

  

 

Figure 5 Selenium concentration in the venturi solution during the converting step during Kaldo cycle 1.  

Figure 5 shows the relationship between, increased selenium concentration and the total 

amount of air flowing in to the Kaldo during converting in Kaldo cycle 1. The Kaldo cycle 

took about 27 hours and the converting step during the cycle took approximately 5 hours.  

 

4.2.2 Kaldo cycle 2 

Table 9 below represents the results of the operation of Kaldo cycle 2 and the cycle took about 

12 hours. This led to only 8 samples being taken. All samples except for the first one were taken 

0

2

4

6

8

10

12

14

16

18

20

0 500 1000 1500 2000 2500 3000 3500

Selenium concentration in Venturi solution (g/l)

S
el

en
iu

m
 (

g
/l

)

Total airflow  Nm3



30 
 

during the converting step of the process when a large increase of selenium in the venturi 

solution was expected.  

 

This Kaldo cycle was done 2 days after the first one. The venturi solution left from Kaldo cycle 

1 was used during Kaldo cycle 2. 

Table 9: Solution samples from circulation tank (Kaldo cycle 2) 

Circulation tank 

Sample nr Selenium (g/l) pH Potential (mV) 

1 8,54 6,15 147,00 

2 6,83 5,86 151,00 

3 9,87 6,86 -50,00 

4 10,44 3,70 246,00 

5 14,99 6,05 156,00 

6 17,46 7,93 -147,00 

7 26,57 6,14 152,00 

8 33,40 5,33 176,00 

 

Results from the first sample indicate reduction of selenium concentration in solution by almost 

9,5 g/l compared to the end of cycle 1. Assuming that Kaldo cycle 2 had the same starting 

volume as Kaldo cycle 1 had final volume, the mass of precipitated selenium should be 125,4 

kg. 

 

This means that reduction of selenious acid continued after completion of the first cycle, 

because of similar characteristics of the venturi solution, which can be seen in Figure 7 chapter 

4.4. 

 

In Kaldo cycle 2 pH regulation worked better. As can be seen in Table 9 and Figure 8 selenium 

concentration increases in the venturi solution. Selenium concentration increase is much better 

than during the first Kaldo cycle. This is surely due to better pH regulation. 

 

Relative increase of selenium concentration was similar: 18 g/ l for Kaldo cycle 1 and  24 g/l 

for Kaldo cycle 2. A final selenium concentration of 33,40 shown in Table 9, can be compared 

with analyse results from the plant lab Appendix E, which shows a final selenium concentration 

of 33,57 g/l. These selenium concentration measurements are similar and that indicates that 

they are accurate. 

 

The slight dip in selenium concentration to 6,83 g/l must be related to a big SO2 increase in the 

venturi solution at the beginning of the converting step.  

During Kaldo cycle 2 I tried to keep track of the volume of the solution in the circulation tank, 

see Appendix B. By doing this I was able to calculate total selenium content in the venturi 

solution (407,54 kg). I assumed that all selenium was in tetravalent form (H2SeO3). 
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Figure 6 Selenium concentration in the venturi solution during the converting step during Kaldo cycle 2. 

Figure 6 shows the relationship between, increased selenium concentration and the total amount 

of air flowing in to the Kaldo during converting in Kaldo cycle 2. The converting step during 

Kaldo cycle 2 took approximatelly 5 hours. 
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4.3 Selenium precipitation 

 

After completion of Kaldo cycle 2 the venturi solution was pumped to the first selenium 

precipitation tank ,see Figure 2. A quick analysis of the solution was made and it showed a pH 

of 5,83 and a selenium concentration of 13,1 g/l, see Table 10 Sample 1 

Table 10 solution samples from precipitation tank 

Sample Nr Volume of  

venturi solution m3 

Selenium concentration  

g/l 

pH 

1 16,7 13,1 5,83 

2 16,7 11,4 5,32 

3 16,7 11,4 5,30 

4 16,7 11,4 5,37 

 

A calculation of the total selenium content in the solution showed that only 218,7 kg selenium 

was left in the solution after precipitation of venturi slime and that at least 188,84 kg of selenium 

had precipitated. This means once again that reduction of selenious acid occurred after a Kaldo 

cycle completion, because of similar characteristics of the venturi solution, which can be seen 

in Figure 7 chapter 4.4. 

 

SO2 gas was added to the solution in the tank via a dip pipe to precipitate selenium see chapter 

1.6.3.9.1. Precipitation of selenium was monitored by taking solution samples and regularly 

analysing the concentration. 

 

When the precipitation started a slight decrease of selenium concentration Table 10 could be 

observed starting at sample 2. Unfortunately no further decrease in selenium concentration 

could be observed during addition of SO2. The precipitation problem could however, be 

explained by the fact that the dip pipe had an open valve at a location above the venturi solution. 

This led to that the added SO2 was only blown on the surface of the venturi solution. Nearly all 

SO2 was removed from the tank by ventilation. 
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4.4Pourbaix Diagram 

 

As mentioned in chapters 1.6.3.3. and 1.6.3.5 pH and SO2 are two parameters that effect the 

selenium stability in the solution. A third variable that, has an impact on selenium stability is 

the electro chemical potential. The red dots depicted in the Pourbaix diagram in Figure 7 are 

experimental points corresponding to pH and Eh values obtained for venturi solution during 

Kaldo cycle 2, see Table 9. The red dots in the Pourbaix diagram also represent different 

selenium concentrations from the lowest selenium concentration of 6,83 g/l to the highest 

selenium concentration 33,40 g/l from Table 9. 

One can clearly see from the diagram that the pH/Eh characteristics of the venturi solution fall 

in the predominance area of elemental selenium. The redox and pH environment is therefore 

very suitable for selenium precipitation.  

 

The Pourbaix diagram Figure 7 was made with selenium concentration of 14,99 g/l because that 

concentration was closest to the average selenium concentration, which is 15,99 g/l. Pourbaix 

diagrams with the lowest and the highest selenium concentration is not shown because no 

noticeable difference can be seen on the predominance areas. 

 

 

Figure 7 Pourbaix diagram made from Table 9 and sample 6 with the selenium concentration of 17,46 g/l 

In order to prevent selenium precipitation besides regulating pH, one should regulate the 

redox environment to more oxidizing conditions so it is no longer suitable for precipitation.  

More discussion regarding the Venturi solution characteristics is given chapter 5.1  
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4.5 Material balance 

 

The raw material that is charged in to the furnace is dried anode slime that has been pressure 

leached. The slime is divided into different batches that are analysed for its content. Different 

batches contain different amounts of selenium, so an average selenium content is calculated. 

However, as can be seen in Appendix F, there are a total of 8 batches but two values with 

yellow background in the selenium column. These values from the pressure leached anode slime 

batches 1 and 3 with the value of 13,03 and 10,5 are significantly higher and considered to be 

too high and therefore not trustworthy. They are therefore not included in the calculation of the 

average. 

 

Table 11 shows a summary of the total amount of the selenium in the anode slime charged to 

the furnace during Kaldo cycles 1 and 2, see Appendix F. It also contains the calculated average 

and the standard deviation. 

Table 11 Summary of total charged selenium  

Average Selenium content 

in leached slime % 

Kaldo 

cycle 

Amount of 

anode slime kg 

Total amount of 

anode slime kg 

Total amount of 

Selenium in kg 

5,48 1 7062   

Stdv: 0,511 2 8067 15129 829,07±77,23 

 

The selenium amount of approximately 829 kg is what ultimately should be recovered as crude 

selenium collected after filtration in the filter press. The weight of material received  from the 

filterpress after selenium precipitation after 2 Kaldo cycles was 561 kg. The selenium content 

was 92,62 %  

 

Assuming these figures are correct the amount of selenium is about 519,6 kg. That leaves 

approximately 309,4 kg to be found elsewhere.  

 

92,62 % pure selenium is not high enough. The expected quality of selenium is crude selenium 

which has a selenium content of 99,5 %. The plant personnel uses a different analyse technique, 

so this can be a source of error.  

 

As can be seen in chapter 1.6.3 there are several steps in the selenium recovery process where 

selenium can end up.  
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Although the major part of selenium is captured in the venturi solution, some part of selenium 

are also captured in the bag filter and venturi slime. A small part of selenium can be found in 

smelt and converting slag. The summary of analyses is shown in Table 12.  

 

The selenium content in the venturi slime presented in Table 12 seems to be low (104,7 kg). 

Calculated selenium precipitation before the second Kaldo cycle chapter 4.2.2, indicates that 

125,4 kg selenium had precipitated. Calculations in chapter 4.3 shows precipitated selenium 

after the second Kaldo cycle to be 188,84 kg. This is together 314,24 kg and is a difference 

close to 210 kg. The big difference in selenium content is an indication that venturi slime 

analyses are wrong.  

Table 12 Analyses of selenium content in diverse by-products at a Precious Metal Plant 

  Smelt slag 

% 

Converter slag 

% 

Venturi slime 

% 

Bag 

filter dust 

% 

  0,081 0,048 12,500 6,980 

  0,072 0,052 12,030  

  0,036 0,058   

  0,048 0,065   

Average (%)  0,059 0,056 12,265 6,980 

Standard deviation  0,021 0,007 0,332 - 

      

weight (kg):  4879 1368,00 853,500 596,0  

      

Se average content (kg)  2,879 0,763 104,682 41,60  

      

Se total (kg) 149,90     

 

More discussion regarding the material balance is given in chapter 5.2 
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5 Discussion  

5.1 redox environment in the venturi solution 

During Kaldo cycle 1there was a sudden dip in potential and a enormous pH increase at 

sample Nr 3 taken from quencher. This sudden pH increase can be explained by an addition of 

sodium hydroxide and is not a random event. Had sodium hydroxide not been added the pH 

and potential had been more like the previous samples. With that in mind, I tested the 

hypotheses again with an assumed potential value of 350 instead of -87 and a pH of 2,2 at 

sample 3 from the quencher, see Table 8. With these assumed values the probability that there 

was no significant difference and that the difference is caused by random events was close to 

96 % 

This was a much better value and after this calculation I stopped taking samples from the 

quencher.  

 

After measuring electrochemical potential and pH during 2 Kaldo cycles it is very clear that 

potential has an influence in selenium precipitation. Figure 7 clearly shows that pH regulation 

is not enough to keep selenium in solution and prevent it from precipitating. 

There could, however, be other reasons for selenium precipitation that haven't be considered in 

this thesis. 

An attempt to alter the redox environment can, however, be taken as a first step.  

A solution to the selenium precipitation problem, is to raise the oxidizing conditions enough so 

that selenium stays in its tetravalent state. The cheapest way to raise the potential might be by 

blowing air into the venturi solution. Other ways can be blowing oxygen or ozone. Adding 

oxidizing agents such as hydrogen peroxide is also a way to raise the potential. 

 

Small scale experiments should be performed in order to verify if raising the oxidizing 

conditions could solve the problem. The experiments should also be conducted in an actual 

venturi solution and preferably a venturi solution during a Kaldo cycle or as close as possible. 

 

In order to get a better understanding of the venturi solution characteristics, the potential and 

data regarding for example concentration and identification of other species in the solution 

together with pH, sulphur dioxide concentration and temperature should be collected. Statistical 

tools such as design of experiments, MODDE and SIMCA could be used together with this type 

of data to find a optimum where selenium doesn't precipitate or where precipitation is low. This 

statistical approach or "mapping", would probably be difficult, time consuming and expensive 

but not impossible. 

More pH and potential measurements should however be taken, at a well established precious 

metal plant in order to validate the results in this thesis, before any other action is taken. 
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5.2 Material balance 

 

The analyses of the venturi slime in Appendix F comes from the plant laboratory and  shows 

an immense differences in selenium content in the anode slime. A miscalculation of only 1 % 

makes a difference of approximately 150 kg in selenium content and these analysis results are 

therefore the biggest sources of errors. 

 

The analyses of the venturi slime presented in Table 12 also comes from the plant laboratory. 

Assuming they are correct the total amount of selenium in the venturi slime is about 150 kg. 

Assuming that the total amount of selenium added to the Kaldo is 829 kg and then subtraction 

of the amounts from the filterpress and the total selenium content from chapter 4.5 there will 

still be 159,4 kg of selenium that is missing. 

 

Assuming precipitation calculations from chapter 4.2.2 and 4.3 and the selenium amount from 

the filterpress is correct, the total weight of selenium will be 882 kg. This is almost 54 kg more 

than 829 kg, but still in the range shown in Table 11. However, assuming the selenium amount 

from the filterpress is correct it would mean that the selenium concentration analyses are wrong, 

as the calculated selenium amount in the solution left to precipitate in chapter 4.3 is 218,7 kg. 

It can also be seen in chapter 4.2.1 that selenium concentration analyses are conflicting. 

It is clear that selenium analyses performed by the plant personnel are incorrect in several 

places, but it is impossible to be sure where and how big errors they have done.  

It is important that selenium content and concentration analyses are accurate so that a correct 

selenium material balance can be made, in order to detect problems and deviations in the 

selenium recovery process.  

The precious metal plant was newly built so it should be mentioned that personnel working at 

the lab and personnel taking samples at the time, were inexperienced and did not have well 

established analytical as well as sampling routines. 
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Appendix A 

Additional data from Kaldo cycle 1 

Table A 1 shows sample and titration volumes. It also shows concentration in molar, total 

airflow and calibrated oxygen content of the air 

Table A 1 Circulation solution Kaldo cycle 1 

Circulation tank 

Sample volume ml 

Titration volume 

Na2S2O3 ml 

Selenium 

Concentration 

(M) 

Total 

airflow 

Nm3 

Volume 

oxygen Nm3 

30 3,5 0,0028 0 0 

25 1,1 0,0011 0 0 

25 0 0,0000 0 0 

25 0 0,0000 0 0 

25 0 0,0000 0 0 

10 3,2 0,0077 293 61,5300 

1 3,4 0,0817 933 195,9300 

1 7,2 0,1731 1559 327,3900 

1 9,3 0,2235 2033 426,9300 

1 9,4 0,2260 2937 616,7700 

 

Table A 2 shows sample volumes from the venturi hatch and titration volumes. 

 

Table A 2 Venturi hatch Kaldo cycle 1 

Venturi sample volume ml Titration volume Na2S2O3 ml Selenium Concentration (M) 

30 1,1 0,0009 

25 2,6 0,0025 

25 0 0 

25 0 0 

25 0 0 

10 3,7 0,0089 

 

 

 

  



 
 

 



 
 

Appendix B 

Additional data from Kaldo cycle 2 

Table B1 shows total mass of selenium and increase of selenium in the venturi solution. 

Table B 1 

Total Selenium 

 in solution (kg) 

Concentration  

of Selenium 

 (M) 

Increase of 

Selenium (kg) 

Increase of selenium 

(M) 

112,74 0,11   

86,09 0,09 -26,65 -337,487 

122,38 0,12 36,29 459,597 

138,84 0,13 16,46 208,4051 

182,93 0,19 44,09 558,3911 

223,51 0,22 40,58 513,9218 

334,81 0,34 111,30 1409,559 

407,54 0,42 72,73 921,117 

 

 

 

 

Table B2 shows sample and titration volumes and the total volume of the venturi solution. 

Table B 2 

Volume 

 circulation tank (m3) 

Circulation tank Sample volume (ml) Titration volume Na2S2O3 (ml) 

13,20 1 4,50 

12,60 1 3,60 

12,40 1 5,20 

13,30 1 5,50 

12,20 1 7,90 

12,80 1 9,20 

12,60 1 14,00 

12,20 1 17,60 

 



 
 

Table B3 shows total airflow, total oxygen content and oxygen effectiveness during the 

converting step in Kaldo cycle 2. 

Table B 3 

Total 

airflow 

(Nm3) 

Total volume  

oxygen (Nm3) 

Oxygen  

added (Nm3) 

Oxygen  

added (m) 

Oxygen  

effectiveness (%) 

0,00 0,00    

200,00 42,00 42,00 1712,16 -19,71 

600,00 126,00 84,00 3424,32 13,42 

1071,00 224,91 98,91 4032,14 5,17 

1500,00 315,00 90,09 3672,58 15,20 

1950,00 409,50 94,50 3852,36 13,34 

2500,00 525,00 115,50 4708,44 29,94 

2800,00 588,00 63,00 2568,24 35,87 

 

Characteristics of a Pourbaix diagram 

1. pH is plotted on the horizontal axis and electrochemical potential Eh on the vertical axis.  

2. The horizontal lines represent electron transfer reactions. They are pH -independent,  

but potential-dependent.  

3. The vertical lines are potential-independent but pH-dependent and not accompanied  

by any electron transfer.  

4. The sloping, straight lines give the electrochemical potentials of a solution in 

equilibrium with hydrogen and oxygen, respectively. This equilibrium indicates 

electron transfer as well as pH.  

5. The concentration of the element is assumed to be 1 mol per kg of solvent (molal). 

6. The diagram is computed for the equilibrium conditions at 25°C.  

7. The upper end of the electrochemical potential axis is the noble end and the lower end, 

the active end, meaning that the oxidizing power increase with increasing potential.  

8. The hydrogen and oxygen lines are indicated in Pourbaix diagrams by dotted line.  

  



 
 

 Limitation of Pourbaix diagram  

1. The validity of the diagrams is limited to reactions between pure elements, pure water  

and the species that can be formed from these. Small amounts of impurities and  

alloying elements in the metal and dissolved substances in the water do not  

necessarily influence strongly on the diagram, but in some cases they do.  

2. These diagrams do not provide any information on the reactions.  

3. Consideration is given only to equilibrium conditions in specified environment and  

factors, such as temperature and velocity are not considered which may seriously  

affect corrosion rate. 

4. The diagram do not take into account non-ideal behaviour of aqueous solutions 

Although the above disadvantages appear to be substantial, the advantages offered by the 

Pourbaix diagrams far outweigh their limitations 

  



 
 

 

  



 

 
 

Appendix C 

Raw data from Kaldo cycle 1 

 

   

Material Sample no Ag Cu Pb SiO2 Se Te Bi Sb As Ba Au Fe Cl Volume Weight Time

银 铜 铅 二氧化硅 硒 碲 铋 锑 砷 钡 金 时间

% % % % % % % % % % % m3
kg

Smelt slag 1 0,0545 0,34 25,73 5,5 13,66 5,6 4,98 0,0007 0,60

Average

Smelt slag 2 0,0589 0,32 27,15 5,34 13,94 5,74 4,95 0,0004 0,52

Average

Smelt slag 3 0,0593 0,3 27,65 6,88 10,4 2,09 5,28 0,0001 0,68

Average

Smelt slag 4 0,0575 0,3 26,69 5,13 12,12 4,96 4,92 0,003 0,45

Average 3825,00

Conv slag 

Average 831,00

Metal 1 79,88 1,44 <0.01 7,31 3,33 <0.01 <0.01 3,66 01:10

2 80,95 2,16 <0.01 2,92 <0.01 <0.01 <0.01 2,62 02:05

3 93,92 1,38 <0.01 <0.01 <0.01 0,76 <0.01 2,81 03:01

4 94,16 1,5 <0.01 <0.01 0,18 0,038 <0.01 2,89 04:08

5 94,38 1,3 <0.01 <0.01 <0.01 <0.01 <0.01 2,91 04:32

Average Doré metal 734

Venturi slime

Circulation g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l

solution pH=2.53 <0.00005 <0.00005 0,0086 20,98 0,234 <0.00005 <0.00005 0,688 0,005 0,0002 11:00

Analysis Kaldo cycle 1



 

 
 

 

  



 

 
 

 

Appendix D 

Raw data from Kaldo cycle 2 

 

  

Material Sample no Ag Cu Pb SiO2 Se Te Bi Sb As Ba Au S Cl Volume Weight Time

银 铜 铅 二氧化硅 硒 碲 铋 锑 砷 钡 金 时间

% % % % % % % % % % g/t, % % % m3
kg

Smelt slag Batch 1, No 1 0,0545 0,34 25,73 5,50 0,081 0,36 13,66 5,60 4,98 11,12 6,75 1,82 0,0018

Smelt slag Batch 2, No 1 0,0589 0,32 27,15 5,34 0,072 0,36 13,94 5,74 4,95 11,16 3,99 1,88 0,0022

Smelt slag Batch 2, No 2 0,0583 0,30 27,65 6,82 0,036 0,18 10,40 7,08 5,28 13,02 0,75 1,42 0,0046

Smelt slag Batch 2, No 3 0,0575 0,30 26,69 5,13 0,048 0,32 12,12 4,96 4,92 11,64 2,84 2,68 - 4879,00

Metal Converting 1 79,88 1,44 <0.01 7,31 3,33 <0.01 <0.01 3,66

Metal Converting 2 80,95 2,16 <0.01 2,92 3,91 <0.01 <0.01 2,62

Metal Converting 3 93,92 1,38 <0.01 <0.01 0,76 <0.01 <0.01 2,81

Metal Converting 4 94,16 1,50 <0.01 <0.01 0,18 0,038 <0.01 2,89

Metal Converting 5 94,58 1,30 <0.01 <0.01 <0.01 <0.01 <0.01 2,91

Doré metal 1008,00

Converting slag 0,29 32,28 0,048 0,046 34,28 0,51 4,72

Converting slag 0,3 29,93 0,052 0,044 33,12 4,4 4,58

Converting slag 0,317 29,74 0,44 0,046 33,23 4,86 3,53

Converting slag 0,87 39,15 0,058 0,026 18,3 9,11 7,42

Converting slag 1,06 39,30 0,07 0,03 18,39 9,68 8,00 1368,00

Average

Venturi slime Sample 1 8,24 0,49 19,32 0,42 12,5 6,08 14,64 4,24 4,76 25,79

Sample 2 8,28 0,49 19,66 0,7 12,03 5,96 14,86 4,84 4,9 0,167 24,14

Average 8,26 0,49 19,49 0,56 12,27 6,02 14,75 4,54 4,83 24,97

Weight 104,73 1138

Circulating g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l g/l

solution <0.00005 0,032 0,0093 33,575 0,00984 0,00299 0,163 <0.00005

Bag filter dust 17,86 1,36 12,92 6,98 1,45 0,204 596 %H2O=2.13

Analysis Kaldo cycle 2



 

 
 

  



 

 
 

Appendix E 

Raw data from anode slime 

Anode slime analyses

Description

Au Ag Cu Pb Se Te Bi Sb As Ba Fe Ni Sn SiO2 S C Summ H2O

Batch Containers Weight Data

Incoming slime

2013-04-09 31,56

Batch 1 10 8953 2013-04-09 0,23 10,85 16,50 14,39 5,00 1,48 6,24 3,30 6,07 4,46 0,06 0,25 0,07 0,82 7 1,64 78,36 30,16

Batch 2 8 7062 2013-04-15 0,2427 11,61 15,58 9,82 4,42 1,44 7,85 3,32 6,51 4 0,04 1 7,75 2 75,59 31,74

Batch 3 2 0,23 10,85 16,50 14,39 5,00 1,48 6,24 3,30 6,07 4,46 0,06 0,25 0,07 0,82 7 1,64 78,36 30,16

7 2013-04-19 0,22 11,20 16,06 10,24 4,04 1,36 7,00 3,08 6,20 5,82 0,05 0,26 0,07 0,16 7,74 0,14 73,64 31,7

Batch 4 12 11197 0,253 10,93 14,86 10,94 3,80 1,19 8,72 3,02 6,68 5,24 0,25 30,4

Batch 5 11300 15,74 10,51 3,98 1,31 8,22 2,40 6,18 4,38 0,29 52,72 30,91

Batch 6

Batch 7

2013-05-09 8,28 0,85 10,52 5 1,31 13,06 1,25 4,99 0,38

Au Ag Cu Pb Se Te Bi Sb As Ba Fe Ni Sn SiO2 S C Summ H2O

Batch 1 in 0255 2013-04-15 0,5897 29,70 0,92 14,7 13,03 1,46 8,46 4,09 2,74 0,11 23,97

Batch 2 in 0230 2013-04-19 0,34 16,09 0,75 19,42 6,36 1,52 11,5 4,75 0.1

Batch 3 in 0230 0,52 26,59 0,63 11,65 10,50 1,24 9,38 4,26 2,88

afrer 1010 0,41 19,59 0,84 15,52 4,68 3,54

Batch 4 in 0230 0,42 16,46 0,66 15,54 5,40 1,32 13,66 4,56 4,24

Batch 5

Batch 6 in 0230 2013-05-06 0,645 16,92 1,00 13,47 5,42 1,27 17,58 4,10 5,20 0,74

afrer 1010 2013-05-06 0,605 16,21 1,22 13,22 5,24 1,26 16,21 4,08 4,56 3,06

Batch 7

Batch 8 in 0230 2013-05-09 0,167 8,28 0,85 10,52 5,00 1,31 13,06 1,25 4,99 0,38

Average 5,48

Stdv 0,51776

Analyses

Pressure leached slime

7553


