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Summary 
Due to the increasing usage of Sn in different electronics, such as solders and in touch 

screens, together with Boliden Rönnskärs increased intake of electronic waste as a secondary 

raw material, a Zn-containing product called Zn-clinker has increasing amounts of Sn. The 

Zn-clinker is shipped to Boliden Zn-smelter in Odda, where the Zn-clinker is mixed in with 

calcine (roasted concentrate) and leached in several steps. Since Zn-clinker is a product from 

a halogen removal in a clinker-furnace, the feed material (Mixed Oxide), for this furnace, was 

also investigated since there are plans to replace clinkering with soda-washing in the future. 

Most of the Sn ends up in the leaching residue which then is deposited in the mountain 

caverns close by the Boliden Odda smelter. Boliden is studying the possibility to recover 

Pb/Ag and Sn content from the leaching residue and create a valuable by-product. By 

studying how the leaching of Sn behaves, together with a characterization of the materials, the 

following question should be answered: “During which sulphuric acid leaching conditions, of 

Zn-clinker and Mixed Oxide, is the leaching of Sn minimized?” 

The leaching results for Zn-clinker showed that 8-10% Sn will leach out, despite changing 

temperature, redox potential, time and pH. A characterization of the material with SEM-EDS 

and XRD-analysis was also conducted to see if Sn could be identified in any phases in the 

materials. The studies provided enough evidence that Zn2SnO4 could be concluded to be the 

main phase in the leaching residue for Zn-clinker, a form that would not leach under 

conditions presented in this project. However, 8-10% of the Sn will come together with Fe 

and when Fe leach out, so does Sn.  

The leaching results for Mixed Oxide pointed towards that different phases from them found 

in Zn-clinker was present. Sn losses varied between 10-20% but raised to 47% when 

temperature was changed to 80 °C during leaching. The SEM-EDS analysis showed that the 

identified Sn-phases contained more Sn than in Zn-clinker and together with the leaching 

results, a conclusion that Sn would mainly be found as SnO2 or SnO in the Mixed Oxide, but 

there is still uncertainty about the distributions of these forms.  

Unfortunately half of the As leached out during the soda-washing for Mixed Oxide, creating a 

leachate with Cl, F and As that need to be taken care of. This could be challenging and 

presenting a costly side-project for the route different from the Zn-clinker route used today. 

Another observation was that PbCO3 formed during the soda-washing, a phase that will 

consume more sulphuric acid during leaching. 
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Sammanfattning 
Genom en ökande mängd Sn som används i olika elektroniska komponenter, såsom i 

lödningar och i pekskärmar, tillsammans med Bolidens Rönnskärs stigande användning av 

återvunnet elektronikskrot som sekundärråvara, får en Zn-innehållande produkt kallad Zn-

klinker allt mer Sn som innehåll. Zn-klinker skickas idag till Bolidens zinksmältverk i Odda 

där Zn-klinker mixas tillsammans med ZnO (rostningskoncentratet) och lakas i flera steg. 

Eftersom Zn-klinker är en produkt från avhalogeninseringen i klinker-ugnen, var materialet 

som matar klinker-ugnen (BlandOxid) också undersökt eftersom det finns planer på att ersätta 

klinkringen med soda-tvättning i framtiden. Det mesta av Sn går idag till utlakningsresterna 

som pumpas till fjälldeponihallarna i närheten av Boliden Oddas smältverk. Boliden studerar 

en möjlighet att utvinna Pb/Ag och Sn innehåll från lakresterna och få en värdefull bi-

produkt. Genom att studera hur lakningen av Sn beter sig, tillsammans med en karakterisering 

av materialen, ska följande fråga besvaras: ”Under vilka lakningsförhållanden med H2SO4, av 

Zn-klinker och BlandOxid, är lakningen av Sn minimerad?” 

Lakningsresultaten för Zn-klinkern visade att 8-10 % av Sn kommer laka ut, oavsett om 

temperatur, redox potential, tid eller pH ändrades. En karakterisering med hjälp av SEM-EDS 

och XRD gjordes också på Zn-klinkern samt lakningsresterna för att kunna identifiera vilka 

faser Sn återfanns i. Studierna, tillsammans med resultaten, gav nog data för att kunna dra 

slutsatsen att Zn2SnO4 är den huvudsakliga fasen som Sn finns i lakningsresterna, en 

spinelform som inte lakar under förhållanden presenterade i denna rapport. Dock fanns också 

en annan fas, en Fe-Sn oxid som estimerades utgöra 10-20 % av det totala uppbundna Sn, som 

när den lakade, också gjorde att Sn lakades ur.  

Lakningsresultaten för BlandOxiden pekade mot att de faser, som hittats i Zn-klinkern, inte 

återfanns i samma utsträckning. Utlakningen av Sn låg kring 20 % för de flesta experiment, 

men när temperaturen höjdes från 60°C till 80°C lakade istället 47 % av Sn ut. SEM-EDS 

analyserna visade att de identifierade Sn-faserna ofta innehöll mer atom % Sn än de funna i 

Zn-klinkern. Tillsammans med XRD-resultaten kunde slutsatsen att SnO2 eller SnO var 

huvudfaserna i BlandOxiden, men andra faser med Zn, Pb, As och Fe också finns men de är 

svåra att kvantifiera.  

Dessvärre lakade hälften av As, som återfinns i BlandOxiden, ut under soda-tvättningen. 

Detta ger en lakningsvätska med Cl, F och As som måste behandlas innan den kan återföras i 

processen. En annan observation under soda-tvätten var att en del av PbSO4 omvandlades till 

PbCO3, en fas som konsumerar mer H2SO4 under lakning.  
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Abbreviations and symbols 
d80 Refers to 80 % of the particles being less than the 

given value 

Eh     Redox potential in mV 

H2O     Water 

H2SO4     Sulfuric acid 

ICP-OES Inductively Coupled Plasma-Optical Emission 

Spectrometry 

KMnO4    Potassium permanganate  

M     Molarity in mol/L 

Mi     Molar mass of element in gram/mol 

MO     Mixed Oxide 

NaOH     Sodium hydroxide 

NaCO3    Sodium carbonate (soda) 

Na2[Fe6(SO4)4(OH)12]  Jarosite 

PbCO3    Lead carbonate (Cerussite) 

PbO     Lead(II) oxide 

PbSO4     Lead(II) sulfate 

SEM-EDS Scanning Electron Microscope-Energy-Dispersive X-

ray Spectroscopy 

SnO     Tin(II) oxide 

SnO2     Tin(IV) oxide (Casserite) 

T     Temperature in °C or K  

XRD     X-Ray Diffraction 

XRF     X-Ray Fluorescence 

ZnO     Zinc oxide 

ZnxFe3-xO4    Zinc ferrite 

ZnSO4     Zinc sulfate 

Zn2SnO4    Dizinc stannate 

ZnSnO3    Zinc stannate 
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1 Introduction and background 

1.1 Tin history and importance 
Tin is well known metal in our society. Findings shows that Sn has been in use back as far as 

3000 years BC (Garner, 2011).  Due its low melting point (some 231.92 °C) it could easily be 

formed into tools and equipment. Being nontoxic, it also makes it suitable for use in food 

containers (Earnshaw & Greenwood, 1997). Together with copper, it forms the hard alloy 

bronze that would give name to an entire era, the Bronze Age.  

Today, tin is globally used in solders, wires and much more. Rather newly, with the 

introduction of smartphones and their touch-pad, the touch screens on our smart phones and 

tablets are made up of Sn/In-oxides (Rohrig, 2015). The highly conductive, transparent layer 

is the worldwide standard for touchscreens (Diamond Coating, 2018). Future development is 

also under research to use different Sn-oxides in solar panels (National Science and 

Technology Council, 2003). Due to the increased use of Sn, the price is currently around US$ 

22 000 per metric ton, making it almost seven times as valuable as Zn (LME, 2018).  

Boliden Rönnskär is a producer of copper together with many other metals. Their top blown 

rotary converter were started in 1976, currently treating 120 000 tonnes of electronic waste 

each year (Boliden Group, 2018). The electronic waste varies in composition, but the main 

target is the Au and Cu in the electronic waste. Side products from this is of course many 

other metals. Some of them ends up in the slag that is sent to the Zinc-fuming plant. This slag 

is relative high in Sn due to intake of electronic screens. Since the intake of electronic waste is 

increasing in Boliden Rönnskär, more and more Sn is ending up in different by-products. 

The fumed oxides (Mixed Oxide) from the Zinc-fuming plant in Rönnskär, is treated in a 

clinker furnace to remove halogens. The product from the clinker furnace is called Zn-clinker 

which is shipped to Boliden’s Zinc-smelter in Odda. Here, the Zn-clinker is mixed in with the 

ZnO (calcine) from the roaster furnace and leaching is done to produce a ZnSO4 containing 

solution. The leaching residue, high in Pb and Sn, is today considered as a waste product and 

disposed of, together with other Fe containing waste, in the nearby mountains caverns. Figure 

1 shows the current path and the alternative path for MO to be treated. The soda-washing step 

is still under development but shows potential as an alternative de-halogenization to the 

clinker process.  
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Figure 1. The path to the left is used today to create Zn-clinker via a clinker-furnace, but the right path is introduced as an 
alternative path for the future with soda-washing to remove halogens.  

1.2 Aim and purpose 

Since the Sn containing residue today is disposed in the mountain cavern deposit, the value of 

Sn is lost. The residue from sulphuric acid leaching has potential as a commercially valuable 

product, containing mostly Pb but also relative high amounts of Sn and silicates. In order to 

achieve high recoveries of Sn, a good leaching process that minimize Sn leaching at the same 

times as it maximizes the Zn-leach recovery is important. The main purpose of this project is 

to suggest a way to leach Zn-clinker and MO in a way that leaves the Sn in the residue, while 

leaching out as much Zn as possible. Due to the alternative route to remove halogens from 

MO, the treated MO was also investigated. To prevent any Sn to be lost in the process, an 

investigation how and why Sn is leached, is to be conducted by Olle Bertilsson from Luleå 

University of Technology as his master thesis.  

1.3 Goals 
 Optimize a leach process for Zn-clinker that leach as little Sn as possible.  

 Optimize a leach process for Mixed Oxide that leach as little Sn as possible. 

In the progress of suggesting the leaching methods, a characterization of the materials will be 

conducted to understand deeper how Sn is composed in the material, which elements is found 

with Sn and if possible, identify the minerals which Sn can be found in.  

1.4 Delimitations  
In this project, the main part that is not described or presented is the soda-washing. It is a 

separate step but is a necessary pretreatment step for the Mixed Oxide to be fed directly to the 

leaching process. However, a characterization on the material was still conducted to 

investigate if the pretreatment could affect the leaching of Mixed Oxide.  
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2 Literature review 
 

2.1 Boliden Rönnskär process overview 

Boliden Rönnskär is a copper smelter located in the bay of Skellefteå. With focus on 

producing mainly Cu, Pb and precious metals, it has been operating since 1930 (Boliden 

Group, 2018). Byproducts such as Zn-clinker, H2SO4, Ni-salts and Iron Sand is also produced. 

As seen in Figure 2, Boliden Rönnskär takes in Cu concentrate, electronic scrap, secondary 

raw material and Pb concentrate. By melting the material and removing S as SO2 (further 

treated to produce H2SO4), the copper is casted and put through electro refining to produce 

high-purity copper. A rest sludge (anode slime) from the electro refining is sent to the 

precious metal plant to extract Au, Ag and Se.  Electronic scrap is melted in the Kaldo-

process and the contained metals is then treated in the Peirce-Smith converters.  

Smelting is done in two different units in Rönnskär, one which is a flash furnace and the other 

being an electric furnace. Both produces a Cu matte that is further treated in the PS-converter 

units. An important by-product from the electric furnace is a slag containing both copper, zinc 

and impurities. In Figure 3, a better view of the route for this slag is seen. The figure also 

shows that a Cu matte is produced from the electric furnace, together with a recycled Cu 

matte from the settling furnace. 
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Figure 2 showing a simplified process scheme over Boliden Rönnskär. The circled area are the processes of interest for this report. (Boliden Group, 2018) 
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Figure 3 presenting another process scheme for the copper concentrate and by-products (Boliden Group, 2018). The Cu 
concentrate is melted and taken out from the electric furnace as a Cu matte. The S is send to the H2SO4-plant for further 
treatment. A slag from the electric furnace is tapped out and treated in the fuming furnace. Zinc and lead is fumed of and 
the slag is then allowed to settle. A Fe-containing product is produced and sold as Iron Sand. The Cu matte is recycled into 
the plant again.  

2.1.1 Zinc fuming plant 

The Mixed Oxide (hereinafter referred to as MO) is produced by treating the slag from the 

electric furnace in a zinc-fuming process. In the batch operated process the slag is poured 

from a ladle into the fuming furnace. By injecting pulverized coal together with air into the 

molten bath, metallic Pb and Zn is fumed off (Boliden, 2009). The evaporated metals and 

compounds is then combusted with air to oxidize Pb and Zn back into oxides, producing the 

MO. Some SO2 is also fumed of which can create metal-sulfates as well. Together with the Zn 

and Pb, Sn, F and Cl is also fumed (Boliden Group, 2018).  

As Figure 4 schematically shows, the air and coal powder is injected in the bottom part of the 

fuming reactor. The reaction where ZnO in the slag is reduced into metallic zinc is 

endothermic so the exothermic formation of CO/CO2 is also needed as a heat source for the 

fuming process.  
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Figure 4 illustrating the Zn-fuming of the slag from the electric furnace (Boliden Group, 2018). 

The fumes from the fuming furnace is transported via a waste heat steam boiler to recover the 

heat from the off-gas. Some material is settled here, while most of the off-gas continue 

through a cooling tower and is finally collected in an electrostatic precipitator (ESP). The 

ending material is a mix of different oxides, and therefore the name Misch Oxide (mixed 

oxide). A problem with this material is the high contents of halogens (Cl, F). The halogens are 

toxic for the Zn electrowinning step, described further in detail in section 2.3.  

The remaining slag, seen in Figure 5, is allowed to settle in a settling furnace where two 

copper phases are formed, matte and a copper bullion high in Sb. The remaining slag is 

granulated and quickly cooled in water and pumped to a slag-deposit where it is stored as the 

product Iron Sand.  
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Figure 5 showing the process in which Mish oxide is produced (Boliden Group, 2018).  

2.1.2 Clinker process 

Unfortunately, the MO that is produced at Rönnskär is not suitable to feed directly into the 

leaching process at Boliden Odda. Due to the high amounts of halogens, the MO would be 

toxic for the electrolysis process and even creating risks for the employees due to forming of 

poisonous Cl gas. This can however be counteracted by having a Mn level in the solution 

above 3 g/L. To de-halogenize the MO, a clinker-furnace was built in 1962. As seen in Figure 

6 the MO is fed from the top end of the rotating kiln together with coal and the clinker is 

discharged from the bottom end of the kiln. The furnace is shaped like a tube and is made out 

of steel and ceramic bricks to withstand the heat and wear. The material is heated to 1100 °C 

and tumbled downwards while the gases goes in the other direction, according to M.Ek 

(personal conversation, 23th of april 2018). Oil together with air, is burned for heat source. 

The halogens, together with some and other compounds (unfortunately also some of the Sn 

content) like Pb, is driven off as dust from the material and ends up in the gas cleaning 

system. A new product is produced from the clinker furnace, namely Zn-clinker. The clinker 

is cooled and crushed into particles less than 2 mm and then stored for shipping to Boliden 

Odda. The clinker furnace produces about 40 000 tonnes Zn-clinker per year and uses 

approximate a few hundred tonnes of coal per year. The dust (internally called F1) from the 

clinker-process is recycled in some degree to the Kaldo-furnace, while the gases is cleaned 

from F, Cl and SO2 via NaOH-scrubber seen in Figure 7 (Boliden, 2018). 

 

Figure 6 describes the clinker-oven at Boliden Rönnskär (Boliden Group, 2018).  
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Figure 7 showing the route for MO that is fed into the clinker furnace. Material is tapped out and crushed and cooled, then crushed again to 
produce a uniform material. It is then slightly moisturized to prevent dusting and then stored for shipping to Boliden Odda. The off-gases is 
cooled and then passed through a bag-filter. The gas is then passed through a scrubber, making it clean enough to be vented (Boliden Group, 
2018). 
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2.2 Boliden Odda process overview 
Figure 8 shows the process scheme for Boliden Odda.  

 

Figure 8 presents a process scheme over Boliden Odda Zinc smelter (Boliden Group, 2018).  
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In Odda, Boliden Odda AS has their zinc-smelter. Sulphidic Zn concentrate is taken in from 

various suppliers and stored at the plant. The Zn concentrate is roasted in a fluidized bed to 

convert ZnS into ZnO according to reaction 1, where SO2 is converted into H2SO4. ZnxFe3-xO4 

(zinc ferrite) is also formed as seen in reaction 2, due to that Fe often sits inside the matrix of 

ZnS.  

ZnS + 3/2O2  ZnO + SO2         (1) 

ZnS + 2FeO + 5/2O2  ZnFe2O4 + SO2       (2) 

The ZnO is then leached in several reactors to extract as much zinc as possible. The reaction 

that take place is given by reaction 3, where ZnO is reacted with H2SO4 to form ZnSO4 and 

H2O. The first tank has a pH of 0.5-1, the second 2.5-3.5 and the last 4.5-4.8. The increasing 

pH is to, in a controlled way, precipitate Fe as Fe(OH)3 according to reaction 4. A important 

factor for the leaching step is that Fe must be in the form of Fe3+ instead of Fe2+, since Fe2+ 

precipitate first at pH 8, while Fe3+ precipitate at pH 2 (Strand, 2009).  

ZnO + H2SO4  ZnSO4 + H2O        (3) 

Fe2(SO4)3 + 3ZnO + 3H2O  2Fe(OH)3 + 3ZnSO4      (4) 

After the neutral leaching, a hot acid leaching is followed to dissolve the Zn-ferrites. A 

temperature of 95 °C and retention time of 4 hours or more is needed to fully extract most of 

the Zn. Reaction 5 is main reaction occurring where ZnFe2O4 reacts with H2SO4. 

2ZnOFe3O4 + 8H2SO4  2ZnSO4 + 3Fe2(SO4)3 + 8H2O     (5) 

To remove dissolved Fe from the solution circuit, a precipitation of Fe as jarosite 

(Na2[Fe6(SO4)4(OH)12]) is done in several rectors. The reaction that take place is given by 

reaction 6. The jarosite is then pumped to the mountain caverns where it is deposited. 

3Fe2(SO4)3 + 10H2O + 2NaOH  Na2[Fe6(SO4)4(OH)12] + 5H2SO4   (6) 

Another route the Zn-concentrate can take is to direct leaching. This route is an alternative to 

the roasting and is used to increase production at Boliden Odda. The material is leached for 

18-22 hours at a temperature of 100 °C and low pH, together with injection of pure oxygen to 

create an oxidization environment. The Zn will go into solution while jarosite and elemental S 

is precipitated. The residue in allowed to settle in thickeners and is then disposed in the 

Bolidens mountain caverns close by the smelter.  

The ZnSO4 solution is purified from Cu, Cd, Co and CaSO4 in numerous steps before going 

to the electrowinning step. Here, the purified solution contains about 150 g/L Zn. The 

electrowinning process utilizing Al sheets as cathodes and Pb sheets as anodes. By applying a 

current into the solution, the Zn2+ will be reduced and deposited on the Al sheets as pure Zn 

metal. The process is balanced to extract 100 of the 150 g/l Zn, after that, more current is 

needed and that is not economical. The depleted electrolyte, containing 50 g/L Zn and 200 g 

H2SO4/L is sent back into the leach plant as spent acid.  
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2.3 Halogen removal 
An important treatment to the MO is to remove as much of the halogens as possible. For both 

F and Cl, the limits exists at 0.01 wt% of the material to be able to take it directly into the 

leach process at Boliden Odda. The reason why halogens must be removed is that they will 

dissolve in the leaching step and follow the solution to the electrowinning. Here, the Cl and F 

react with the Al sheets and corrode them. The F- dissolves the protecting Al2O3 layer and lets 

the Zn react with metallic Al. An alloy between Al and Zn can form, making it difficult to 

remove the Zn from the sheets later. On Pb-anode, the Cl- corrodes the Pb-sheets as well, and 

in addition Cl2 gas can form, a gas which is toxic for the employees. Elevated halogen content 

in the electrolyte is a major problem since the lifespan of a sheet is shortened and increases 

the cost of operation for the plant. Today, the halogens is removed in the clinker process 

where Cl and F is fumed, resulting in Zn-clinker with acceptable levels of Cl and F.   
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2.4 Leaching theory 
Leaching is a process where a solid material may be dissolved in an aqueous phase, or 

sometimes a gaseous phase. The five steps of leaching is seen in Figure 9 and goes as follows:  

1. The reactant diffuse through diffusion layer 

2. Adsorption of the reactant take place on the surface of the solid 

3. A chemical reaction occur between the reactant and the solid 

4. Desorption of the product from the solid  

5. The product diffuse through the diffusion layer  

 

Figure 9 showing the theoretical steps of leaching (Sandström, 2017).  

Depending of which leaching mechanism is controlling, the different process cases can be 

sorted out: 

1. Reaction controlled leaching 

2. Diffusion controlled leaching  

3. Mixed region leaching  

Reaction controlled leaching is characterized by the chemical reaction being much slower 

than the diffusion, creating a reactant concentration, at the surface of the solid, that is close to 

the same as the bulk concentration of the reactant.  

Diffusion controlled leaching on the other hand has a chemical reaction being much faster 

than the diffusion step, creating a reactant concentration at the surface of the solid, that is 

close to zero.  

Mixed region leaching is simply a cross between the two, where the reactant concentration is 

lower than the bulk concentration but higher than zero at the solids surface.  

2.4.1 Particle size/surface area 

When leaching occurs, it often involves particles reacting with a liquid phase to extract the 

valuable phase. The number of reactions per given time unit is highly dependent on the 

surface area, since a larger relative surface area will make it possible to more reactions to 

occur (Habashi, 1970). The theory that hold is therefore that fine particles reacts faster than 

coarse particles due to their larger surface area. As equation 1 and 2 shows, the dependence of 

the radius of the particle has corresponding effect of 1/r and 1/r2 for diffusion controlled 

leaching  

1 − (1 − 𝛼)
1

3 =
𝑘∗𝐶

𝑟0∗𝜌
∗ 𝑡    Reaction controlled leaching   (1) 
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1 −
2

3
𝛼 − (1 − 𝛼)

2

3 =
2∗𝑀∗𝐷∗𝐶

𝛽∗𝜌∗𝑟0
2

∗ 𝑡   Diffusion controlled leaching  (2) 

(Where 𝛼 refers to the fraction leached, k is the reaction constant, C is the concentration of the 

reagent at the surface, r0 is the radius of particle at the start, 𝜌 is the density of the particle, t is time 

passed, M is the molecular weight of the leached material, D is the diffusion constant and 𝛽 is the 

stoichiometric factor)   

2.4.2 Temperature 

Reactions are often affected by temperature, but the magnitude of the effect will differ 

depending on what kind of reaction it is. In a diffusion controlled process, characterized by 

Stokes-Einstein equation seen in (3), the reaction will be linearly dependent on the 

temperature.  

𝐷 =
𝑅𝑇

𝑁

1

2𝜋𝑟𝜂
             (3) 

(Where D is the diffusion coefficient, R is the gas constant, T stands for temperature is kelvin, 

N is Avogadro´s Number, r is the radius of the particle, an 𝜂 is the dynamic viscosity). 

 The reaction rate constants will on the other hand be exponentially dependent on temperature 

according to Arrhenius equation given by (4). 

𝑘 = 𝐴𝑒−𝐸/𝑅𝑇           (4) 

(Where k is the rate coefficient, A is a constant, E is the activation energy, R is the gas 

constant and T is the temperature is kelvin.) 

As an example, if T is doubled, the D is close to doubled while k can be increased by a factor 

of 100.  

2.4.3 Stirring  

In leaching, stirring has to be taken into consideration. Depending on what kind of reaction 

occurring, the affect might be different. In reaction-controlled leaching, the effect of stirring is 

very limited since the chemical reaction is much slower than the diffusion through the 

diffusion layer. In diffusion-controlled leaching, stirring instead has an increased effect since 

the layer, in which diffusion take place, becomes thinner (Sandström, 2017). A slight decrease 

in leaching recoveries of Zn could be seen when using 200 RPM respectively 600 RPM, 

concluding that 400 RPM would be a good stirring speed to obtain good leaching of ZnO 

(Yang, 2017).  

2.4.4 pH 

In the leaching of ZnO, pH is important since a lower pH will result in faster leaching of ZnO 

(Yoshida, 2003). The fact that ZnO starts to dissolve into Zn2+ below pH 7, a low pH solution 

will increase the reaction rate in which ZnO is dissolved (Al-Hinai, 2017). 

2.4.5 Redox potential  

Redox potential in a solution corresponds to the solutions capacity to reduce or oxidize a 

material. A diagram, called Pourbaix diagram, is composed by defining which species of the 

element that occurs at given pH and redox potential. Figure 10 shows a Pourbaix diagram for 

Zn. An area of waters stability region is defined with dotted lines. Above the top dotted line, 
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water will start to decompose into O2(g) according to reaction 9, while under the bottom 

dotted line, H2(g) will form instead according to reaction 7 and 8.  

2H2O + 2e-  H2(g) + 2OH-          (7) 

2H3O
+ + 2e-  H2(g) + 2H2O          (8) 

6H2O  4H3O
+ + O2(g) + 4e-          (9) 

 

Figure 10. Example of a Pourbaix diagram of Zn (Al-Hinai, 2013). The diagram gives them information what species Zn is 
forming in an aqueous solution. Zn is found in the form of Zn(OH)2 between pH 7-13. Above this pH, Zn is in the form of 
ZnO2

2-. Below pH 7, Zn instead goes into solution as Zn2+. At a redox potential below – 750 mV, Zn can be found as metallic 
Zn until pH 7 where the redox potential needs to go even lower to keep Zn as metallic Zn. The blue lines represents waters 
stability region.  

2.4.6 S/L-ratio 

Studies shows that the solid-to-liquid ratio for ZnO leaching should be at least 1:6, with slight 

increasing 1:10 to retain good Zn recoveries when leaching with H2SO4. An increase in S/L-

ratio would result in lower recovery for Zn (Yang, 2017). 

2.4.7 Concentration 

In leaching of ZnO usually H2SO4 is used to dissolve the material. With more acid, the 

dissolution of ZnO will go faster (Yoshida, 2003). Usually the reaction goes faster with higher 

reactant concentration, but that is of course true up to a certain limit (Sandström, 2017).  

2.5 Tin in literature 

In the literature, information about Sn is often regarding of SnO2, since this is the form Sn 

mostly is found in nature. Casserite, the minable ore of SnO2, is usually roasted with carbon 

or oil to form crude tin metal (Madehow, 2018). SnO2 is described to be difficult to dissolve 

even with hot H2SO4 (MEL Science, 2018). As shown in Figure 11, SnO2 does not dissolve 

until pH goes below 0 or redox potential is lowered below waters stability area. The diagram 

was made by Olga Palazhchenko from 2012 as an attempt to create a more detailed Pourbaix 

diagram for Sn at elevated temperatures.   

Sn has rather recently been introduced in smartphones in which they make up the touchable 

screen together with In2O3 (Ltd D.C, 2018). Since these both In and Sn are valuable, a way to 

recycle these spent screens are under research.  In trials to leach these screen with a solution 
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of 100 g H2SO4/L, 90 °C and 120 minutes, only 8% of the Sn was leached out (Yuhu, 2010), 

Cheol-Hee (2012) also states that SnO2 is insoluble is acid systems, while SnO is more 

soluble. This means that the solubility of Sn is highly dependent on which oxidation state it 

has. Of course, other acids then H2SO4 could be used and good extractions of Sn has been 

achieved with HCl (Chaurasia, 2013). Bad recovery of Sn in a 6 M HNO3 media at 90 °C was 

is also reported, making HCl the preferable acid to use in leaching of Sn (Jha, M.K. et al, 

2011). Though, strong concentrations are often needed since research have showed that the 

leaching kinetics in dilute H2SO4 and HCl is very slow (Hong, 2013).  

 

Figure 11 showing the redesigned Pourbaix diagram for Sn at elevated temperature and a 10-6 M concentration. As the 
conditions of the leaching is around 80 °C, pH 2-4 and 500 mV, Sn should be in the form of SnO2 (Palazhchenko, 2012). 

Some reports may be found that are related to Zn-clinker and MO. An internal report (Tranvik 

& Lindbäck, 2012) identified (by XRD) Zn0.9Mn0.1O, PbFCl, Zn2SnO4 and PbSO4 in the dust 

that goes out from the clinker furnace. This gives some information about what compositions 

that may be present in Zn-clinker as well, even though this dust is fumed off. Another internal 

report (Øye, 2016) conclude that Zn2SnO4 could be found in the leaching residues. However, 

the data safety sheet from Boliden themselves claims that Sn is in the form of Sn(II)O 

(Boliden, 2009).   
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Experiments by former Boliden Odda employee Matteus Lindgren showed that Sn indeed was 

difficult to leach out. Leaching tests with 75 ml 18 M H2SO4 in 425 ml H2O, together with 

100 g Zn-clinker for 180 minutes, average temperature of 85 °C. The experiments showed 

that 10% of the Sn was leached out. The experiments showed that Sn could be fully leached 

out with addition of 150 ml 18 M H2SO4 to 350 ml H2O and 50 gram of Zn-clinker, but it 

needed more than 200 minutes retention time and was concluded to be very acid-consuming 

(using 552 g H2SO4/ 100 g Zn-clinker). Sn extraction of 50% could be achieved when 

leaching with 160 g H2SO4 /L and 95 °C for 5 hours, but the material is Waelz Oxide and may 

not have the same origin or composition like Zn-clinker and MO (Zhang, et al, 2016). 

Experiments involving leaching of MO with 150 g H2SO4/ 100 g MO at 40 °C for 120 

minutes showed a Sn extraction between 13.2-18.4 % (Boliden AB. & TECNICAS 

REUNIDAS S.A, 2016). In the experiments named above, the weight of the material was 

normally reduced by 80%, meaning that if 200 gram of solids is leached it would produce 40 

grams of residue.   
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2.6 Analysis equipment 
In order to analyze all results, a number of instruments were used. In this section, a theoretical 

explanation of each instrument is done to describe how they function, their advantages and 

disadvantages. 

2.6.1 XRF 

The X-Ray Fluorescence spectrometer is a commonly used identification instrument that 

utilizing X-rays to analyze major components of a sample. The XRF is therefore commonly 

used for minerals, rocks, sediments and even fluids. An XRF excites the atoms in the sample 

by shooting X-rays onto it from different angles. The excited atom then emits a characteristic 

X-ray when going down from its excited state. This X-ray is detected by a Wavelength 

Dispersive spectrometer that categorize the X-ray to a corresponding element. More specific 

X-rays simple corresponds to a higher amount of that element in the sample. While the XRF 

is versatile instrument with easy sample preparation, it has difficulties identifying elements 

with atom number below 11 and cannot identify the valance states of the elements (Wirth & 

Barth, 2018). 

2.6.2 XRD 

X-Ray powder Diffraction is an analytical instrument that identify mineral phase from 

crystalline material. Similar to the XRF, the XRD utilize X-Ray exposure on the material to 

excite it, which then produces a characteristic X-ray spectrum. The difference from XRF is 

that the detector uses Bragg’s law (nλ=2d sin θ) to identify the material. The law states that an 

excited atom (with X-rays) will produce a scattered X-ray with 2d sin θ angle (ThermoARL, 

1999). This X-ray will be specific for each of the crystal lattices that the material possess. The 

X-rays are emitted from the different angles θ and collected with a corresponding angle of 2θ 

and transformed into counts. All the detected X-rays is then presented in a diffractogram that 

show the intensity of the detected X-rays at different angles (Dutrow & Clark, 2018). 

2.6.3 SEM-EDS 

The Scanning Electron Microscope is an advanced analytical instrument which bombard the 

sample with a focused beam of high-energy electrons to provide broad and versatile 

information about the sample. Data about the samples morphology, chemical composition and 

crystalline structure can all be obtained by the SEM (Swapp, 2017). When the sample is hit by 

these high-energy electrons it will release secondary electrons and backscattered electrons 

which both provide a live picture of the sample. The sample will also release X-rays, visible 

light and heat, all which can be transformed into important information. This instrument can 

provide information few other instruments can all in one. The ability to picture the material 

with great magnification and analyze points is not seen with any other instrument. Though, it 

has a long preparation time and are limited to solid materials. As in the case with the XRF, the 

SEM cannot detect elements below Na.  

A complementary equipment to the SEM is an Energy-Dispersive X-ray Spectroscopy. It 

often comes together with the SEM and provide the ability to characterize the X-rays emitted 

from the sample. This is, much like the XRF, then is transformed into a spectrum of elements 

detected. The strength of the EDS with the SEM is that specific points can be analyzed instead 

of the whole sample. Areas (or more specifically a small water-drop-shape below the surface 

(Nanoscience, 2018) of 2-5 microns can be analyzed individually and give a semi-quantitative 

analysis. The EDS analysis may encounter problems with some elements due to some energy 
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emission being overlapped for Mn-Kα and Cr-Kβ, or Ti-Kα, resulting in interference and 

possibly erroneous results.  

2.6.4 ICP-OES 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) is an analyze method 

that uses ionization of the sample to be able to detect very small amount of metals and non-

metals. The machine subjects a small part of the sample to an argon plasma flame which 

converts the molecules into ions and excite the electrons inside the atoms. The ions, that now 

have approximate the same energy, then releases characteristic energies as photons, which is 

detected by a spectrometer (Vervoot & Mueller, 2017). The argon flame hold a temperature of 

6000-10000 K (USGS, 2013). A small drawback to the ICP is that the ions usually formed 

will be positive, making ions that prefers to be negative (F-,Cl-,I-) hard to detect. The ICP may 

not be used on samples with more than 0.2% dissolved solids due to risk of blockage in the 

system. Hence the samples often are diluted several times before analyzed.  
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3 Materials and method 
In this section 3.1 the materials and chemicals that were used in the experiments are presented 

first. The experimental setup is presented is section 3.2 to visualize how an experiment would 

be conducted. Section 3.3 presents all the experiments conducted together with parameters 

that were changed. Last, each procedure is described. 

3.1 Materials and chemicals 
The two materials, Zn-clinker and MO, is both products from Boliden Rönnskär, but with MO 

being an intermediate product for the time being. Zn-clinker was sampled at Boliden Odda 

where 10 kg were taken out from the stock. 3 kg of MO was supplied from Boliden Rönnskär 

for this project. A particle size distribution was done on both materials to investigate if there 

was any significant difference is size distribution. The fractions was also analyzed with XRF 

to examine if the elemental compositions changed between the fractions.  

3.1.1 Zn-clinker 

Figure 12 shows the particle-size distribution for Zn-clinker and d80 seem to be around 0.95 

mm. Table 1 display the elements found in each fraction, as well as an average composition 

for the material. By coloring the difference from the average value, a quick overlook shows if 

any major differences can be found in the fractions. The Zn-clinker seems rather homogenous 

with no major differences, beside the Sb value in fraction 500-833 μm. 

 

Figure 12 showing the particle-size distribution for Zn-clinker. 
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< 5 % difference 

< 10 % difference 

< 20 % difference 

< 50 % difference 
 

Table 1 showing the element composition between the different fractions and an average composition for the material. No 
detection for Cl and F was seen in Zn-clinker. Coloration is indicating difference from the average value for the material in 
that fraction.  

Fraction [μm] Zn Fe Cu Pb Ca As Sb Sn Al 

833 + 66.25 0.78 0.17 10.27 0.13 0.26 0.14 1.66 0.31 

500-833 66.41 0.71 0.15 10.30 0.11 0.28 0.28 1.61 0.28 

250-500 65.71 0.73 0.15 10.56 0.11 0.30 0.14 1.71 0.22 

160-250 65.66 0.74 0.13 10.54 0.11 0.30 0.15 1.79 0.23 

45-160 65.71 0.69 0.15 10.95 0.13 0.29 0.15 1.72 0.22 

0-45 66.50 0.65 0.16 10.36 0.13 0.23 0.15 1.60 0.22 

           

Average [wt %] 66.07 0.73 0.15 10.54 0.13 0.28 0.15 1.69 0.28 

 

3.1.2 Mixed Oxide 

Figure 13 shows the particle-size distribution for MO. The d80 is around 0.4 mm, thus having 

a finer particle size than Zn-clinker. The MO is also less homogenous, seen in Table 2, with 

more Pb is the largest fraction. With Pb comes also elevated amounts of As, Cl and F, 

indicating that these may follow each other.  

 

Figure 13 showing the particle-size distribution for Mixed Oxide. 
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< 5 % difference 

< 10 % difference 

< 20 % difference 

< 50 % difference 
 

Table 2 displays the element compositions between the fractions and an average composition for the MO.  Coloration is 
indicating difference from the average value for the material in that fraction.  

Fraction 
[μm] Zn Fe Cu Pb Ca As Sb Sn Al F Cl 

833 + 41.42 0.36 0.19 26.18 0.05 0.84 0.08 1.70 0.06 0.82 4.62 

500-833 61.20 0.33 0.17 11.32 0.05 0.38 0.11 1.94 0.03 0.31 1.67 

250-500 61.51 0.43 0.17 10.83 0.06 0.38 0.11 1.99 0.04 0.30 1.58 

160-250 62.01 0.42 0.17 10.93 0.06 0.36 0.11 2.00 0.04 0.29 1.63 

45-160 60.76 0.39 0.17 11.37 0.06 0.36 0.10 1.96 0.04 0.55 1.82 

36-45 59.53 0.38 0.17 12.41 0.07 0.38 0.11 1.94 0.07 0.80 2.01 

0-36 59.04 0.38 0.17 12.96 0.09 0.37 0.11 1.93 0.08 0.58 2.01 

             

Average 61.11 0.37 0.17 11.63 0.06 0.38 0.11 1.97 0.04 0.47 1.74 

 

 

3.1.3 Spent acid  

When no more Zn can be extracted from the electrolyte, the solution is recycled back into the 

process as spent acid. Seen in Table 3, the spent acid contains 170-190 g H2SO4/L together 

with 50 g Zn/L. The solution should be low in Fe, since the Fe should have been precipitated 

as jarosite, resulting in between 10-20 mg Fe/L that still is left. The spent acid has a redox 

potential above 1000 mV when fresh due to the Mn being partly in the form Mn3+, due to 

Mn2+ is oxidized at the anode. It also contains 10-12 g/L Mg. This caused difficulties to 

measure redox potential for the first minute when leaching with spent acid, since the redox 

potential probe has an upper limit below 1000 mV.  

Table 3 describing the composition of the spent acid exiting the electrolysis process at Boliden Odda. 

 H2SO4 Zn Fe Mn Mg 

Composition 170-190 g/L 45-55 g/L 10-20 mg/L 8-10 g/L 10-12 g/L 
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3.2 Experimental setup 
In Figure 14, the experimental setup for each leaching experiment can be seen with red 

markings representing: 1. Redox potential measurement. 2. Stop watch. 3. Heating plate. 4. 

pH measurement. 5. Glass beaker with solution and material. 6. Al foil to prevent heat and 

water vapor losses. 7. Distilled water for rinsing. 8. Redox potential probe. 9. Electronic 

stirrer. 10. Temperature probe.  

 

Figure 14 illustrating the experimental setup used for the experiments in this report. 
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3.3 Experimental design 
In Table 4 and Table 5, all the leaching experiments are listed. In total, 16 experiments were 

conducted on the Zn-clinker while 9 were done on the MO. The first experiments for the Zn-

clinker were done with concentrated H2SO4 (18 M), mostly to understand the material and 

learn the leaching procedure. The ratio between amounts of pure H2SO4 / gram material was 

suggested from previous experiments by Boliden Odda. The reagents were added 

continuously during the experiments to keep redox potential/pH at the wanted level. The 

added amount of H2SO4 during the constant pH experiments were not measured.  

Table 4 showing the leaching experiments done on Zn-clinker in this report. T stands for temperature while * is referred as 
18 M H2SO4 added. ** is referred as the kinetic experiment.  

Leaching 
Zn-clinker 

T constant 
pH 

Amount of 
H2SO4 [ml] 

X gram 
H2SO4/ 

100 gram 
material 

Time 
[min] 

Reagent Added 
amount 

of 
reagent 

1 60 - 75* - 120 - - 

2 60 - 110* - 120 - - 

3 60 - 150* - 120 - - 

4 60 - 150* - 240 - - 

5 80 - 150* - 120 - - 

6 60 - - 100 120 - - 

7 60 - - 136 120 - - 

8 80 - - 136 120 - - 

9 60 - - 136 240 - - 

10 60 - - 136 120 KMnO4 0.8 g 

11 60 - - 136 120 Zn-powder 39.4 g 

12 60 2 - 100 120 H2SO4* - 

13 60 3 - 100 120 H2SO4* - 

14 60 4 - 55 120 H2SO4* - 

15 60 5 - 55 120 H2SO4* - 

16** 60 - - 136 120 - - 

 

Table 5 showing leaching experiments conducted on MO in this report. T stands for temperature. * is referred as 18 M 
H2SO4 added. ** is referred as the kinetic experiment.  

Leaching 
Mixed Oxide 

T constant 
pH 

Amount of 
H2SO4 [ml] 

X gram 
H2SO4/ 

100 gram 
material 

Time [min] Reagent 

1 60 - - 136 120 - 

2 80 - - 136 120 - 

3 60 - - 100 120 - 

4 60 - - 80 240 - 

5 60 2 - 60 120 H2SO4* 

6 60 3 - 60 120 H2SO4* 

7 60 4 - 60 120 H2SO4* 

8 60 5 - 60 120 H2SO4* 

9** 60 - - 136 120 - 
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3.4 Procedure  

3.4.1 Particle size analysis 

An important part of the characterization of the materials was to do a particle size analysis. 

This to investigate size distribution in the material, as well as check if there is a difference in 

chemical composition between the different size fractions. 300 gram of dry solid material was 

sieved for 15 minutes with the sieving fractions: 45, 160, 250, 500 and 833 μm. In Table 6, 

settings can be seen for the sieving. The material was sieved for 15 minutes with a reached 

height of 0.5 mm over the sieving surface, due to 300 gram being used and 150/300 being 0.5.  

Table 6 describing the settings used for particle-size distribution analysis.  

  

Time[min] 15 

Amplitude [mm/g] 150 

Material [g] 300 

 

3.4.2 Acid titration 

To establish how much H2SO4 there is in the spent acid, an automatic acid titration is 

conducted each time. The titration is done by slowly adding concentrated NaCO3 to the 

solution until pH 4. The amount of spent NaCO3 is then calculated into the corresponding 

amount of H2SO4 in the solution.  

3.4.3 Leaching 

First, the materials were needed to be dried in an oven at 70 °C for 10 hours to ensure 

minimum moisture before the weighing. As seen in the introduction, most of material 

dissolve, leaving little solids to analyze. Therefore, 200 gram of solids were used for each 

leaching to ensure enough (more than 20 gram) solids for the analysis later.  

To have a solid/liquid ratio (kg/L) of 0.1, 2000 ml of liquid was used for the 200 gram of 

oxide. Depending on the source of H2SO4, either spent acid or 18 M H2SO4, different amounts 

of distilled water was used.  

Due to mixing of a strong acid with water being a strongly exothermic reaction, no warming 

was done until after mixing. Afterwards, the solution was heated to the required starting 

temperature. To ensure little evaporation and faster heating, a top-cover made of Al foil was 

used. Stirring was set to 150 RPM during the heating. When the set temperature was 

achieved, pH-meter and redox-meter were placed into the solution for continuous 

measurements.  

Stirring was increased to 500 RPM, to avoid settling of heavier material on the bottom of the 

leaching vessel, while the material was poured into the solution. Continuous measurements of 

temperature, redox-potential and pH were taken during the leaching.  

After the leaching the solution was vacuum filtrated with a buchner funnel and a 5 L glass 

beaker. After all the solution had been filtrated, washing of the residue was done with warm 

distilled water twice with two times the high of the bed of solids with water. The washing 

water was not added to the solution, neither analyzed. The residue was then transferred on to a 

watch glass and stored in an oven for drying. The leachate were measured and 100 ml of it 
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was stored for further analysis. All special equipment for the leaching experiments can be 

seen in Table 7.   

Table 7 presenting equipment used in the leaching experiments from the suppliers VWR and Endress+Hauser (VWR, 2018), 
(Endress+Hauser, 2018). 

Equipment 

3 & 5 L glass beaker 

pH-electrode pHenomenalⓇ 

pHenomenalⓇ pH 1100 H 
Temperature probe 

Anchor stirrer 

Overhead electronic stirrer 

Aluminum foil for cover 

100 ml graduated cylinder 

2000 ml graduated cylinder 

Filtering flask 5 L 

Büchner funnel 

Filtration paper 5891 Ø 90 mm “Black ribbon” 

Sample bottle 100 ml plastic 

Watch glass Ø 200 mm 

Liquiline To Go CYM291 

Memosens Lab Cable CYK20 

Digital ORP sensor Orbisint CPS12D 

Vibratory Sieve Shaker AS 200 control 

 

3.4.4 Briquetting and XRF 

After the residue had been dried for 10 hours, 20 grams of material, together with 1 gram of 

wax, was put into an automated milling machine which grinds the material down to a suitable 

size for XRF-analysis. The briquetting is manually done in a tablet-pressing machine. The 

briquette is then put into the XRF-machine for UniQuant-analysis. 

3.4.5 Characterization with SEM-EDS 

The material was first homogenized with a mortar and pestle to not have any lumps. The 

material was then split into a sample of 20 grams. To be able to study the material in the 

SEM, a puck of epoxy must be made with the material enclosed inside. Resin and hardener is 

mixed and the material in slowly stirred in. The epoxy puck is set to rest for 24 hours. The 

next step is to polish the epoxy puck to create a smooth surface. By stepwise lowering the 

particle size of the polishing-plates, ending with a diamond powder, the surface can be 

assumed to have less than 5 μm elevation difference, making it suitable for SEM-analysis. 

The last step is to coat the puck with a carbon-layer, since carbon is invisible in the analysis, 

protects the puck while inside the machine and makes the puck conductive to prevent 

ionization.  

3.4.6 XRD-analysis 

To examine the mineral composition of the materials, a XRD-analysis was conducted. The 

material was then grinded for 5 seconds in a rotating mill to create new surfaces and 

homogenize the particle size. The material is then pressed into a tablet which was analyzed 

for 30 minutes.  

https://se.vwr.com/store/product/558569/buechner-tratt
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3.5.7 PANalytical HighScore Plus 

To analyze the result from the XRD-analysis, a program called HighScore Plus from 

PANanlytical were used to convert the data into peaks (Degen, 2014). All XRD-patterns seen 

in this report were created in this program. The program uses different mineral databases to 

match the peak-patterns with respective minerals. While the program is powerful it is also 

limited to the databases it has access to. A compound may still exist but not show up as a 

match since the mineral may not be included in the databases.   
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4 Results  
The first experiments on Zn-clinker were done with pure H2SO4 (added as 98 % H2SO4). The 

reason was mostly to get an understanding of how the material leached and how the 

equipment worked. The residues from the leaching experiments is not presented in the results 

but are found in appendix A. The parameters: temperature, time, amount of H2SO4 and redox 

potential were investigated for Zn-clinker, while redox potential was not investigated for MO.  

In an attempt to understand how fast leaching take place, kinetic characterization were 

performed on the materials with leaching conditions that gave the best Zn extraction and least 

Sn extraction. 10 ml of leachate were taken out at given times to create a diagram that could 

show how “fast” the leaching went of the targeted elements.  

Since parts of this project were to get a understanding of the materials and how Sn is 

distributed in them, an attempt to characterize the materials was conducted via SEM-EDS 

analysis, followed by a XRD-analysis. Due to Zn-clinker being homogenous through the 

fractions, a sieving were conducted to extract larger particles for the epoxy-molding. Larger 

particles often gives better SEM-analyses and are easier to mold properly. Spectrum-analysis 

where done on all materials and composition for each spectrum were taken. Some 

summarized spectrums are presented in this report, while the full analysis can be found in 

appendix B. It should be noted that all compositions are presented in atomic%, meaning 

PbSO4 will have 16.7 atomic% Pb (1/6) instead of 68.32 wt% Pb.  

4.1 Leaching 

Numerous leaching experiments were conducted to understand the material and what 

parameters that seemed to affect the extraction of Sn. A reference sample was made with 

parameters: 60 °C, 120 minutes, 136 g H2SO4/ 100 g Zn-clinker, 400 mV (due to the spent 

acid having a high redox potential) and pulp density of 10%. In the diagrams, named “600 

mV”, KMnO4 was added to increase redox potential to 600-700 mV to see if this changed the 

leaching of Sn. In the diagrams called “- 400 mV”, Zn-powder were used to lower the redox 

potential down to -400 mV to see if it affected the leaching of Sn. It should be noted that this 

is below waters stability zone and H2(g) was formed during the leaching. In the leaching 

named “240 min”, the leaching simply occurred for 240 minutes instead of the normal 120 

minutes. In the last experiment the temperature was increased to 80 °C instead of 60 °C to 

investigate how this affected the leaching of Sn. In all experiments the recovery were 

calculated by equation 10. The recovery is based around the wt% of an element found in the 

feed-material and the residue. All XRF-analyzes for the leaching residues are found Appendix 

A. 

In attempt to see how pH changed the recoveries for Zn, Sn and Fe, leaching was conducted at 

a set pH for the whole 120 minutes. A smaller amount of spent acid was added in the 

beginning, since addition of NaOH to raise pH was tried to be avoided due to formation of 

Na2SO4, instead diluted H2SO4 was added to keep the pH at the wanted level.  

𝑌𝑖𝑒𝑙𝑑 % = (1 − (
(

𝑤𝑡 %𝑜𝑢𝑡

100
∗𝑔𝑟𝑎𝑚 𝑟𝑒𝑠𝑖𝑑𝑢𝑒)

(
𝑤𝑡 %𝑖𝑛

100
∗𝑔𝑟𝑎𝑚 𝑓𝑒𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙)

)) ∗ 100     (10) 
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4.1.1 Zn-clinker  

REF = 120 min, 60 °C, 136 g H2SO4/100 g Zn-clinker, pulp density 10% 

In Figure 15 below, the recoveries for Zn, Sn and Fe is presented for each experiment on Zn-

clinker. The Zn-recoveries seems to be steady at 97% despite different leaching conditions, 

which seemed to have very little influence on the recoveries. While the experiment with low 

redox potential showed lower recovery, it could be influenced by the fact that Zn-powder was 

added and may end up in the residue, affecting the results.  

As for the Sn goes, it seems like the reference experiment had the least amount of Sn leached 

out with 10%. The trend is that all other experiments leach out more Sn, with leaching at 

higher temperatures being the worst condition with 15% extraction for Sn.  

Fe recoveries had similar results with about 62-68% of the Fe being leached. A lower 

recovery could be seen for the experiments with raised redox potential, but the difference is 

only a few percent.  

Different pH 

For the experiments of different pH, settings 60 °C, 120 minutes, pulp density of 10% was 

used. The recoveries for Zn, Fe and Sn can be seen in Figure 16. 

For Zn, a correlation between amount of H2SO4 and Zn recoveries is seen in Figure 16. The 

extraction of ZnO is dependent on the amount of H2SO4 and less H2SO4 means lower 

recoveries. A steady recovery above 90% can be seen at pH 0, pH 2 and pH 3, but when 

leaching at pH 4 the recovery went down to 65%, and at pH 5 as low as 40% recovery.  

The Sn recoveries also showed dependence on the pH, as seen in Figure 16. 9% extraction of 

Sn was seen at pH 0 and pH 2 while it went down to 6% at pH 3. At pH 4, a negative 

extraction occurred. While this is impossible, the XRF-analysis has a marginal or error and 

the extraction of Sn is probably close to 0%. At pH 5 the recovery went up again to 2%, 

probably due to the same reason seen for the pH 4 experiment.  

The Fe recovery follow the same patterns as for Sn and Zn. Figure 16 reveals that Fe 

extraction goes down with increasing pH. From 68% at pH 0, 52% at pH 2, 35% at pH 3, 

down to negative extraction for pH 4 and pH 5. Once again, it is probably a combination of 

uncertainty for XRF-analysis and mass-balances that makes this negative extraction occur.  

The correlation between the extraction of Sn and Fe/Zn is important, since the SEM-EDS 

analysis showed that these elements mostly occurred together in the Zn-clinker. It seems like 

the 10% of Sn, that is leached a pH 0, is strongly correlate with the Fe, where less extracted 

Fe means less extracted Sn. At higher pH, the Sn-Fe-oxide may not be able to dissolve and the 

Sn extraction goes down.  
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Figure 15 visualing the recovery for Zn, Fe and Sn for the leaching experiments done on Zn-clinker.  

0

10

20

30

40

50

60

70

80

90

100

%
Zn recovery

600 mV - 400 mVRef 240 min 80°C

0

10

20

30

40

50

60

70

80

90

100

%

Sn recovery

600 mVRef 240 min 80°C- 400 mV

0

10

20

30

40

50

60

70

80

90

100

%

Fe recovery

- 400 mV600 mVRef 240 min 80°C



 

30 
 

   

 

Figure 16 showing the leaching recoveries for Zn, Fe and Sn with constant pH. 
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4.1.2 Mixed Oxide 

In the leaching of MO, less experiments were conducted since the amount of materials were a 

limiting factor. A reference was once again taken with the same parameters as in the Zn-

clinker leaching. Since the change in redox potential seemed to have very little effect on the 

extraction of Sn, these experiments were excluded for MO leaching. Different amounts of 

H2SO4 was the main parameter that was investigated since different pH had the greatest effect 

on the recoveries. Since an increase in leaching time seemed to have little affect for Zn-

clinker leaching, this experiment were also excluded for MO-leaching.  

The Zn recoveries for the experiments for MO are seen in Figure 16 below. An overall higher 

extraction of Zn is seen, where between 99-98% of the Zn were extracted for ref, 80 °C and 

100 g H2SO4. With 80 g H2SO4/ 100 g MO, the Zn recovery went down to 89%.  

The Sn recovery for the reference experiment were 20%, but when increasing the temperature 

the Sn recovery went up to 47%. An extraction of 25% were achieved with 100 g H2SO4/ 100 

g MO while only a few percent were leached with 80 g H2SO4/ 100 g MO.  

For the Fe recoveries, the reference experiment leached out most Fe as seen in Figure 17 with 

45%. The Fe did not follow the Sn when it came to higher temperatures and 32% Fe leached 

out at 80 °C. With 100 g H2SO4/ 100 g MO, the Fe recovery got even lower with 20% 

extraction and with 80 g H2SO4/ 100 g MO a negative extraction occurred.  

It seems like Sn leach out more at higher temperatures for the MO, something that was not 

seen for the Zn-clinker. At 80 g H2SO4/ 100 g MO, more or less no Fe is leached and the same 

goes for Sn.  

Different pH 

The same way an investigation on how different pH affects the recoveries for Zn, Sn and Fe 

for Zn-clinker, constant pH experiments were conducted on MO as well. Noted is that pH was 

not hold at pH 0 but rather 0.25 for MO. It can be seen in Figure 17 that the extraction of Zn 

was best at the lowest pH with close to 100% extraction. At pH 2 and pH 3, the recovery was 

around 87% with further decrease at pH 4 (77%) and pH 5 (55%).  

As seen in Figure 17, the reference test is same as pH 0.25 due to the pH being stable during 

the experiment. This experiment leached out most Sn with 20% extraction. At pH 2, the 

recovery of Sn has decreased down to 9% and pH 3 continues to extract less Sn with 3% 

recovery. pH 4 goes against the trend and has 11% Sn extracted. This increased recovery is 

probably due to analytical errors. pH 5 has the same recovery as pH 3 with 3%.  

As for the Fe extractions in Figure 17, the difference between pH 0.25 and pH 2 is large. 45% 

extraction for pH 0.25 and negative extraction for pH 2. This means that Fe not leach in any 

detectable extent at pH 2 and pH 3, with the marginal error of the XRF-analysis.  The Fe 

recovery then goes up to 12% at pH 4, similar to the sudden “top” seen for Sn extraction at 

pH 4 too, with the same error explanations as for Sn at pH 4. Similarly to the Sn extraction, 

the Fe recovery then goes down to 3% at pH 5. 
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Figure 16 presenting the diagrams with Zn, Sn and Fe recoveries for the experiments done on Zn-clinker 
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4.2 Kinetic study 

In an attempt to understand how fast the material leach, a kinetic experiment were conducted. 

10 ml of the leachate were taken at minute 0, 1, 2, 3, 5, 10, 15, 20, 30, 45, 60 and 120. The 

leachate were than analyzed by ICP-analysis for Zn, Fe, Sn and As. The As was studied since 

it is an problem-element and wanted to monitored to see how it behaves.  A more detailed 

summary can be found in Appendix A. As seen in Figure 18, Zn and Fe has almost been 

entirely leach out after 20 minutes. Noted is that the solution was tested before any Zn-clinker 

were put in and due to the spent acids origin, 40 g/L Zn were present from the start.  

Similar extraction rates for Zn and Fe could be seen for MO as well, see Figure 19. Though 

the amount of Fe that is leached out is less than in Zn-clinker, the rate is close to same. A big 

difference is that Sn seems to precipitate in the Zn-clinker leaching while Sn slowly leach out 

with time for MO. This is further evidence that the mineralogy is different between the 

materials, affecting the way they leach. Another disparity was that As seems to precipitate in 

the MO leaching, while it stays in solution in the Zn-clinker leaching. Why this difference is 

occurring is unknown, but it is interesting since the leaching conditions themselves are 

similar, so there must be some element that affect the As. 

4.2.1 Zn-clinker 

As seen in Figure 18 Fe and Zn has similar leaching rates at the given conditions. Note that 

Zn is in g/L and not mg/L. After approximate 20 minutes, the extraction is nearly unchanged 

for Fe and Zn. The diagram for Sn differ, were most Sn can be found in the solution at the 10 

minute mark, while it goes down to around 10 mg/L from 20 minutes and forward. 

 

Figure 18 showing the extraction of Zn, Sn, Fe and As with time. After 10 minutes the solution contained 99 g/L Zn 
compared to 105 g/L after 120 minutes. Since the spent acid contains Zn from the beginning, the initial value starts at 40 
g/L. The solution contained 460 mg/L Fe at the 20 minute mark and continued rise slowly to 495 mg/L after 120 minutes. 
The amount of leached out Sn peaks at the 10 minutes with 70 mg/L and then goes below 10 mg/L after 20 minutes.   
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4.2.2 Mixed Oxide 

As may be seen in Figure 19 the extraction of Zn, Fe, Sn and As looks a bit different from the 

kinetic study of Zn-clinker. Note that Zn is in g/L and not mg/L. An important difference is 

that As seems to precipitate with time, while Sn seem to slowly dissolve from 100 mg/L at the 

10 minute mark up to 340 mg/L after 120 minutes of leaching. It should be noted that the 1 

minute point is missing due to problem of sampling during the experiment. The Zn is almost 

completely leached after 10 minutes, while the Fe slowly goes from 100 mg/L at the 10 

minute mark to 150 mg/L at 120 minutes of leaching.  

 

Figure 19 illustrating the extraction of Zn, Sn, Fe and As with time. The solution contains 94 g/L Zn at the 5 minute mark, 
while it increase to 98 g/L after 120 minutes. The solution contains 97 mg/L Fe at the 5 minute mark and increases to 140 
mg/L after 120 minutes. Sn goes from 90 mg/L at the 15 minute mark towards 330 mg/L after 120 minutes. As peaks at 120 
mg/L after 2 minutes but goes down to 0 mg/L after 120 minutes.   



 

36 
 

4.3 Characterization 

To be able to understand the materials, characterizations were done. SEM-EDS analysis will 

give a lot of information about composition of different points of the materials. By knowing 

the compositions of different phases in the materials, a comparison with XRD-analysis can 

reveal what the material is composed of and how different elements are distributed. In 

addition, comparison with a database (WebMineral, 2018) were done to compare distribution 

of elements in comparison with ideal stoichiometry to conclude any minerals.  

4.3.1 Zinc clinker 
The Zn-clinker was sieved to get particles above 0.5 mm for epoxy-molding. Figure 20 shows 

an outzoomed picture of the Zn-clinker. The white dots are PbO while the gray mass is ZnO 

as seen in Figure 20, Figure 21 and Figure 22. The black mass around the particles is created 

by the epoxy. Figure 21 shows a zoomed in picture of a particle. Within the particle, CuO 

could be found together with Pb-containing material. Most of the Sn found came with Zn and 

Fe as some kind of oxides. Some of the spectrum also found proof of the gray mass being 

rightly ZnO since the elemental composition correspond as seen in Table 8 and Table 9.   

4.3.1.1 SEM analysis 

 

Figure 20 SEM-picture of Zn-clinker at 39 times magnification. The particles are the Zn-clinker while the black background 
are the epoxy. The bright white particles are Pb-species, probably PbO while most of the gray material is ZnO.  
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Figure 21 In the SEM-picture above a particle has been zoomed in and analyzed at different points. With Table 8 as 
reference, the bright white material is PbO from spectrum 56. The gray material is ZnO from spectrum 54. Noted is that 
spectrum 50 and 51 is findings of CuO. Spectrum 58 and spectrum 59 showed significant amounts of Sn together with Fe, Zn 
and O.   

Table 8, the elemental analysis from some of the spectrum of Figure 21. All elements are presented in atomic %. Spectrum 
51 is an example of CuO, spectrum 54 of ZnO, spectrum 56 PbO while spectrum 58-59 is a mixture of Pb, Zn, Fe and Sn as 
oxides.   

 O Si Fe Cu Zn As Sn Pb Bi 

Spectrum 51 50   50      

Spectrum 54 50  0.4  49.6     

Spectrum 56 51.04    2.76   42.05 4.15 

Spectrum 58 52.86 3.73 5.4 0.71 16.32 2.09 0.94 15.65  

Spectrum 59 52.7 1.03 14.27  20.9 0.92 4.4 3.64  
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Figure 22 an zoomed in SEM-picture of Zn-clinker. Spectrum 70 stands out with 11.3 atomic % of Sn, but no clear structure of 
the Sn-species can be identified from the picture, more than that it seems to be embedded in the ZnO and a Fe-oxide.  

Table 9 showing the elemental analysis of different spectrums from Figure 22.  

Spectrum O Al Si Ca Fe Zn As Sn Pb 

65 35.4  5.7 8,3 6.9 13.4 6.3 0.9 0.5 

66 37.9    40.6 18.5  4.9 4.9 

67 38.2 1.5 1.0 1,0 14.7 32.5 0.6 6.1 4.9 

68 40.5  0.8  18.1 27.4  1.6 25.3 

69 32.2  4.6  8.3 26.7 1.2 1.8 5.6 

70 31.1  1.2 1,8 12.5 45.1 0.9 11.3  

71 27.4 1.6   23.7 34.9  8.3 3.8 

72 27.7  0.8  24.3 33.6  1.9 1.0 

73 5.9  0.3  8.7 82.3  4.0 0.3 

74 34.7 1.2   32.2 26.4    
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4.3.1.2 XRD-analysis 

The XRD-analysis for Zn-clinker indicated clearly that ZnO is the main component of this 

material, seen as distinct peaks in Figure 23. Further identifications were more difficult, 

where the Pb-phase could be either PbO or PbSO4. But, since no S was found in the SEM-

analysis, Pb probably is in the form of PbO, with or without presence of Zn. No good 

explanation for the Sn-containing points could be done by the XRD-analysis, resulting in no 

Sn-bearing minerals in Table 10. A reason could be that XRD-analysis has a detection limit of 

around 1-2%, which also happens to be the amount of Sn in the Zn-clinker. Another 

explanation could be that many of the patterns overlap too. Since coal is used in the slag-

fuming, some coal could follow the dust, explaining why C could be identified too.  

 

Figure 23 illustrating the XRD-pattern in PANalytical HighScore.  

Table 10 presenting the minerals identified by XRD-analysis for Zn-clinker.  

Mineral Chemical composition 

Zincite ZnO 

Franklinite Fe2ZnO4 

Litharge PbO 

Graphite C 
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4.3.2 Mixed Oxide 

The MO is the untreated material that later becomes Zn-clinker, therefore the composition is 

rather similar but with more halogens. The material is a condensated fume dust and which 

means that it is fine and light.  Figure 24 were the picture that identified Sn. Spectrum 47 is 

clearly some kind of silicate, probably entrained slag particles, with the elevated amounts of 

Si seen in Table 11, while the white spot with spectrum 54 corresponds to PbSO4. Just like in 

Zn-clinker, Sn seems be located with Zn, Pb and Fe as oxides. Significant amounts of S is 

found together with Sn to, but it is likely that this comes from PbSO4 found close to the Sn 

during the SEM-analysis.  

4.3.2.1 SEM-analysis  

 

Figure 24, SEM-picture of the MO. A cluster of particles forms this larger particle. The white parts is PbSO4 with proof from 
spectrum 54, while the gray material is ZnO seen in spectrum 49. Darker dots could either be dirt or dust, or silicates. 
Spectrum 47 seems to be an example of a silicate, containing mostly Si, Al and O.  The black parts is epoxy with small parts 
of the MO embedded in it.  

Table 11 presenting the elemental analysis for selected spectrums from figure 24.  

 O Al Si S Fe Zn Sn Pb 

Spectrum 47 60.42 7.22 20.82   3.08  0.3 

Spectrum 48 54.77 0.62 2.18 1.17 3.2 27.57 4.56 5.03 

Spectrum 49 50    0.21 49.5  0.29 

Spectrum 50 56.54   5.71 0.79 23.35 2.19 10.76 

Spectrum 54 64.19   14.19  5.53  16.1 
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4.3.2.2 XRD-analysis 

Figure 25 shows the XRD-pattern from MO. In comparison with Zn-clinker, the MO had 

clear indications of both ZnO and PbSO4 from the XRD-analysis, as seen in Table 12. 

Further, FeO is likely to be found as well as SiO2. When it comes to Sn-bearing minerals, the 

analysis did not show any clear identifications. Once again, the detection limit may cause it to 

be difficult to identify the Sn-phases. SnO, SnO2, Zn2SnO4 and Fe5SnO8 could all be present, 

but none can be confirmed with certainty. PbFCl was identified and explains why the coarse 

material in the particle-size analysis for MO contained more Pb, F and Cl and the other 

fractions. Coal/graphite was also seen in the XRD-analysis and it is reasonable to find in the 

material.  

 

Figure 25. The XRD-analysis which is transformed into peaks in PANalytical HighScore.  

Table 12 showing the identified minerals from the XRD-analysis for MO.  

Mineral Chemical composition 

Zincite ZnO 

Anglesite PbSO4 

Wuestite Fe0.92O 

Matlockite PbFCl 

Quartz SiO2 

Romarchetite SnO 

Dizinc stannate Zn2SnO4 

Iron tin(IV) oxide Fe5SnO8 

Graphite C 
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4.3.3 Washed Mixed Oxide 

An SEM-EDS analysis were done to the MO that had been treated with soda-washing to 

remove halogens too. The theory that some elements may change the compositions after being 

treated was the reason for this characterization. A picture of the material under low 

magnification can be seen in Figure 26. It is mostly gray since it contains mostly ZnO with 

white inclusions being PbSO4, concluded with help of the element analysis from Table 13. 

With greater magnification, seen in Figure 27, small white needles could be seen which are 

assumed to be PbCO3, formed during the soda-washing. A crystal containing Sn is seen in 

Figure 28, but it were difficult to conclude what mineral it represented. 

4.3.3.1 SEM-analysis 

 

Figure 26. Picture from SEM-analysis with low magnification. Many ZnO particles with white PbSO4 inside them. 
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Figure 27, washed MO under magnification. White PbSO4 dots are white while ZnO is presented as gray. Darker areas, as 
well as most of the brighter gray areas, are silicates of different kind, since spectrum 41 contains 13 atomic % Si. White 
needle-like crystals can also be seen, probably with PbCO3 since it has a white color (since heavier elements are brighter in 
the pictures).  

Table 13, showing the elemental analysis done by SEM-EDS for the soda-washed MO.  

 O Na Al Si S Ca Fe Zn Sn Pb 

Spectrum 39 57.07  1.49 13.08 0.11 14.33 3.28 3 0 2.8 

Spectrum 41 56.75 5.06 2.72 14.18 0.35 0.69 2.86 14.25 0.02 2.09 

Spectrum 47 53.69 5.64 0.07 0 0 0.1 0.19 27.61 10.08 2.43 

Spectrum 48 51.65 8.41 0.05 0 0 0.05 0 32.16 7.42 0.16 

Spectrum 50 47.08 12.82 0.28 0.38 0 0.21 0.26 25.06 0.01 13.82 
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Figure 28 shows washed MO under 1500 times magnification. The small crystal that is measured is spectrum 47 which 
showed high contents of Sn together with Zn. The crystal is only 4 μm across. 

Table 14. Specified spectrum with elemental analysis related to the crystal that is marked in figure 29. 

Spectrum O Na Fe Zn Sn Pb 

47 53.69 5.64 0.19 27.61 10.08 2.43 
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4.3.3.2 XRD-analysis 

While it could be seen in the SEM-EDS analysis that PbCO3 seems to be present in the 

washed MO, it was difficult to identify it in the XRD-analysis presented in Figure 29. Most of 

the material is still ZnO and PbSO4, seen in Table 15, so no major differences are found in 

comparison with the MO, except the small amount of converted PbCO3.  

 

Figure 29 illustrating the XRD-analysis for the soda-washed MO.  

Table 15 presenting the identified minerals from the soda-washed MO.  

Mineral Chemical composition 

Zincite ZnO 

Anglesite PbSO4 

Cerussite PbCO3 
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4.3.4 Leached washed Mixed Oxide 

In the leached washed MO, PbSO4 and Sn-phases was found in many spectrums. All the white 

particles in Figure 30 and Figure 31 are PbSO4, concluded with help of the element analysis 

from Table 16. The spectrums often contained 25-40 atomic% Sn, suggesting phases like SnO 

and SnO2 are present. Though, the spectrums comes with Pb at 20-30 atomic% too so if this is 

contamination from PbSO4 or an actual phase with Pb-Sn is uncertain. 

The material that was analyzed had been leached in 60 °C, 120 minutes, 136 g H2SO4 / 100 g 

oxide and with pulp density of 10%.  

4.3.4.1 SEM-analysis 

 

Figure 30, outzoomed picture of the leached MO. White PbSO4 is seen in great extent together large black/dark-gray dots of 
silicate. Gray material is probably Zn-Fe-Sn containing oxides. 
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Figure 31. A picture with spectrum from the SEM-EDS analysis for the leached MO. Bright rectangular pieces of PbSO4 is seen 
all over the material. Spectrum 31 shows an example of this bright material containing mostly Pb and S with O.  Spectrum 25 
up to the right is pointing towards being a silicate, containing 27 atomic% Si. Spectrums 27, 34, 36 and 37 all contains Sn 
levels between 25-40 atomic%. 

Table 16 presenting the elemental analysis for some of the spectrum seen in figure 32.  

 O Al Si S Fe Zn As Sn Pb 

Spectrum 25 42.74 3.7 27.02 0.32 18.44 1.85 0 0.35 0.74 

Spectrum 27 20.26 0.02 0.37 4.25 0.68 6.43 4.27 25.22 34.46 

Spectrum 31 20.11 0.04 0.16 9.52 0.05 0.2 0.21 0.39 69.15 

Spectrum 34 21.81 0.13 0.52 1.67 1.38 6.48 13.17 39.85 12.51 

Spectrum 36 21.25 0.47 0.28 3.8 1.22 8.19 6.38 28.36 27.7 

Spectrum 37 21.38 0.83 0.13 0.13 3.71 36.68 0.05 32.26 0.5 
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4.3.4.2 XRD-analysis  

The XRD-analysis in Figure 32 for the leached MO showed a clear match for PbSO4, but this 

was the only phase that was easy to identify. Many different species Wustite is a probable Fe-

phase in the material but no clear match could be done. As2O3 is probable phase for the As to 

be in, but since the amounts is small, identification were difficult.  The Sn-phases were 

difficult to identify and showed no clear match. Possible matches, represented in Table 17, 

could be SnO2, SnO, Fe2+(Sn(OH)6), (Fe3+, Mn2+)Sn(IV)(OH)6 and Zn2SnO4. All these 

phases, in some degree, could be possible in the material, but to determine which of them is 

difficult, even with the SEM-EDS.  

 

Figure 32. The XRD-pattern from the analysis for the leached MO.  

Table 17, identified minerals from the leached MO.  

 

  

Mineral Chemical composition 

Anglesite PbSO4 

Wustite FeO 

Cluadetite As2O3 

Romarchite SnO 

Francklinite ZnFe2O4 

Jeanbandyeite (Fe3+, Mn2+)Sn(IV)(OH)6 

Dizinc stannate Zn2SnO4 

Graphite C 



 

49 
 

4.3.5 Leached Zn-clinker 

The material that was analyzed had been leached in 60 °C, 120 min, 136 g H2SO4 / 100 g 

oxide and with pulp density of 10%.  

4.3.5.1 SEM-analysis 

Since the leaching residue has high amounts of Sn, many spectrums with significant amounts 

of Sn could be identified. Many of the spectrums (spectrum: 43,44, 49, 56, 58, 60, 64 and 65) 

shows an atomic stoichiometry between Zn and Sn to be close to 2:1, an evidence that 

Zn2SnO4 is the Sn-bearing compound mostly found in the material.  

 

Figure 33, picture from the SEM-EDS analysis on the leached Zn-clinker. 

Table 18 presenting the elemental analysis of some of the spectrums from figure 34.  

Spectrum  O Na Al S Fe Zn Sn Pb 

Spectrum 43 55.9 1.93 0.27 0.06 2.83 25.31 12.57 0.22 

Spectrum 44 55.64 1.61 0.38 0.09 3.66 26.27 11.81  

Spectrum 46 56.91  0.25 0.07 0.89 27.66 13.65  

Spectrum 49 56.49 1.76 0.15 0.04 0.59 26.62 13.78 0.12 

Spectrum 56 56.33 1.36 0.54 0.03 1.45 26.25 13.11 0.09 

Spectrum 58 56.45  0.05 0.29 2.76 26.21 11.77 0.36 

Spectrum 60 55.02  0.42 0.3 11.64 22.05 9.09 0.41 

Spectrum 64 56.78  0.08 0.11 0.57 28.26 13.39 0.34 

Spectrum 65 56.3 1.99 0.3 0.2 0.53 26.88 13.05 0.2 
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4.3.5.2 XRD-analysis 

The XRD-analysis, seen in Figure 34, of the leached Zn-clinker identified PbSO4 as the main 

phase. In addition, FeO had a fairly good match and Zn2SnO4 had a good match, further 

strengthens the theory of Zn2SnO4 being the dominating Sn-phase which is found in the 

residue. Some silicates could be reflected as SiO2, though the true form may be difficult to 

sort out. ZnFe3+
2O4 and Fe5SnO8 was also identified, but their distribution may be limited in 

the material as seen in Table 19. 

 

Figure 34 showing the XRD-pattern from leached Zn-clinker.  

Table 19, the minerals identified in PANalytical HighScore for the XRD-analysis on the leached Zn-clinker.  

                                    

  

Mineral Chemical composition 

Anglesite PbSO4 

Wuestite FeO 

Dizinc stannate Zn2SnO4 

Coesite SiO2 

Iron tin(IV) oxide Fe5SnO8 

Franklinite ZnFe3+
2O4 
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5 Discussion 

5.1 Results 
Zn-clinker 

The decision to only analyze particles above 0.5 mm was taken due to easier epoxy-molding. 

One may ask whatever this could affect the result, but since the Zn-clinker is elementally 

homogenous through the fractions, it was considered to be a better than molding without 

sieving, without risk of influencing the results. The characterization of Zn-clinker with SEM-

analysis provided important information on how Sn was found in these materials. Even 

though it was challenging to find Sn in the Zn-clinker, it could be identified with Zn and Fe. 

The stoichiometric amounts of Fe was 4-5 times higher than Sn, which could correspond to 

the mineral Fe5SnO8 found in the XRD-analysis. But with 5-6 times higher amounts of Zn 

than Sn also, the mineral composition is more likely to be a mixture between Fe-Zn-Sn-

oxides. But since all spectrums that found Sn contained significant amounts of Fe, they seem 

to closely relate in the Zn-clinker. Since the spectrum analysis does not analyze a spot, but 

rather a small sphere below the surface, the presence of ZnO, Sn-oxide and PbSO4 may 

contaminate the findings and distort the results.  

Leached Zn-clinker 

In the leached Zn-clinker the Sn was almost entirely found with Zn and the conclusion is that 

the stoichiometric distribution between Zn and Sn are 2:1. With this in mind, and that this 

compound does not leach under the tested conditions, Zn2SnO4 could be proved to exist with 

the XRD-analysis. This mineral was also found by (Øye, 2016) during his analysis of a 

leaching residue from Boliden Odda. This mineral is in a cubic spinel form that is chemically 

stable and resistant to acids (Miyauchi, 2009). The expected formation of Zn2SnO4 seems to 

range between 500-1500 °C, with no formation of ZnSnO3 (Mihaiu, 2010). In another article, 

900 °C were the set temperature of formation for Zn2SnO4 (Hababi, 2017). This would 

explain why not the Zn-recovery could reach 100 % for the Zn-clinker, since the clinker-

furnace holds 1100 °C and formation of Zn2SnO4 can occur. This form was however 

successfully dissolved by M. Lindgren with 550 g H2SO4/ 100 g Zn-clinker, 85 °C and 

leaching for 4 hours.  

The small amounts of Fe that was found with Zn2SnO4 may be Fe-Sn-oxides that is enclosed 

by Zn2SnO4. What kind of Fe-Sn-oxide this is in still uncertain, since no good match could be 

done in the XRD-analysis. It could be for example Fe5SnO8, but the true form may be difficult 

to identify. Another spectrum that remain unexplained is spectrum 50 for leached Zn-clinker, 

where a high amount of As seems to go with Sn. This was noted in the leached MO as well, 

and is for now an unexplained phase with Sn and As. All together it seems like most of the Sn 

comes as Zn2SnO4, some with as Fe-Sn-oxide, and a few samples with As or other 

compositions.  

Mixed Oxide 

When it comes to the Mixed Oxide, it was also difficult to identify how the Sn was distributed 

in the material. A trend that could be seen though is that Sn comes with Fe in a mixture of 

ZnO and PbSO4. Since no pure Sn-compound could be identified by the XRD-analysis either, 

the true nature of the Sn-phases in MO is a bit of mystery. An interesting comparison is that 

FeO was identified in MO but not in Zn-clinker. Maybe the FeO is converted into another Fe-
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oxide (probably with Zn, Sn or Pb) in the clinker-furnace. Another conclusion is that coarse 

material, which had elevated levels of Pb, F and Cl in MO, were PbFCl. This mineral was 

identified by (Tranvik & Lindbäck, 2012) too, but from the fumed of dust (F1 dust) from the 

clinker furnace.  

Washed Mixed Oxide   

An observation during the washing of MO was that gases and bubbles was released when 

pouring the material into the soda-solution. This is probably the CO3
2--saturated solution that 

releases CO2 when the material is poured in. The washed MO was then characterized to see if 

the material changes when exposed to CO3
2-. The theory would be that elements like PbSO4 

would react convert to PbCO3.  

A good thing is that Sn does not seem to leach during the washing. The extraction instead got 

negative, but that is probably due to uncertainty in the XRF-analysis together with small 

errors in the mass-balance.  

The SEM-EDS analysis showed that web-like strains had formed between the particles. The 

conclusion is that PbCO3 is formed since it has a needle like crystals inside the material that 

contains a heavy element (Li et al, 2015). Though not so much of the Pb seems to be 

converted into PbCO3, at most 5-10% from a quick ocular examination from Figure 28.  

Interestingly, only 2 out of 12 spectrums (with significant amount of Sn) showed coexisting 

with significant amount of Fe. This further indicates that Sn may not be composed with Fe, in 

comparison with all the spectrums found in the Zn-clinker. Instead, the Fe seems to exist with 

Zn and Na. It is possible that the addition on Na+ causes some precipitation which is then seen 

in the SEM-EDS analysis together with Zn, Fe and Sn in various amounts.  

A problem is that As will leach out during the washing of MO, creating a leachate with Cl, F 

and As. This wash solution would need to be cleaned in some way since As is not allowed to 

be released into the nature.  

Leached Washed Mixed Oxide 

The SEM-EDS analysis of the leached MO showed that Sn often was found in larger 

stoichiometric amounts than in the leached Zn-clinker. With atomic% ranging from 25-40%, 

compared to the 10-25% for Zn-clinker, it would indicate that the compositions differ from 

the ones found in Zn-clinker. Also, the Sn-bearing spectrums has a significant amount of As 

and Pb in them, resulting in a theory that Sn is bound to As, Pb and Zn rather than only Zn as 

in the leached Zn-clinker. The high levels of Sn in the residue suggests that a more pure Sn 

form may be present. Examples could be SnO or SnO2, with the later one being the more 

plausible from the literature study on Pourbaix diagrams.  

The leaching results also supports the theory that Zn2SnO4 may not be present in the same 

extent since the leaching recoveries for Zn were close to 100% at pH 0.25 compared to Zn-

recovery at pH 0 for Zn-clinker that was 97%. A big difference was seen in leaching at 80 °C 

where 47% of the Sn was leached. Such a high leaching recovery was never seen in any other 

experiment and may indicate that the extraction of Sn in MO is highly kinetic-related, where 

higher temperatures greatly increase the extent that Sn is extracted. A theory could be that the 

dissolution of SnO2/SnO is endotherm and therefore is benefiting from the increased 
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temperature. This could not be seen in Zn-clinker, possible due to the difficult-leached 

Zn2SnO4 spinels.   

Kinetic study 

The kinetic study provided useful information on how fast the extractions occurred. For the 

Zn-clinker, Zn. Fe, Sn and As is leached out after 20 minutes, but then the Sn seems to 

precipitate after that. The Pourbaix diagram, seen in section 2.5, indicates that Sn should exist 

as SnO2, but what composition Sn actually precipitate as is unknown.  

In the the MO leaching, the Sn is slowly leached out with time, something that was not seen 

with the Zn-clinker. Once again it indicates that different phase seems to be found in MO. The 

slow extraction fits better with SnO2 that is soluble in hot H2SO4, but the reaction is slow 

(MEL Science, 2018). MO leached even quicker with most of the Zn and Fe leached out at the 

10 minute mark which agree with the finding in Bolidens internal report (Boliden AB & 

Tecnicas Reunidas S.A, 2016).  

An overall problem is that the material used in this experiment may vary from time to time. 

The slag-fuming process will generate more Fe in the MO in the beginning and then slowly 

decrease until the fuming is done (Ek, 2018). This means that the material that goes into the 

clinker-furnace also changes and have different amounts of Fe bounded with Sn. The Zn-

clinker is however crushed and mixed several times, so it should be more homogenous than 

the MO. The sampling of MO was done before this project started and the knowledge on how 

and when it was sampled is unknown. How representative this sample is may be questioned 

since the composition may vary and it is difficult to say if the MO used in this project 

corresponds to the plants average composition for MO. 

5.2 Industrial considerations  
This project is closely related to the industry and to keep in mind problems or challenges that 

can occur when upscaling is of great importance. During the experiments some things 

occurred that may not have affected the results, but could effect a process involving these 

materials and methods. An observation that were made is that the MO is a fine particulate 

material which easily clogged filter papers and created a clay-like material when allowed to 

settle. This could prove to be a problem since any part in a process which not involve a 

turbulent media could result in a formation of a cake, made up of fine particles from MO.  

Another finding that can directly correspond to an increased cost is the formation of PbCO3 

during the soda-wash. It was seen that formation of CO2 occurred rather quickly when adding 

the soda-washed MO for leaching. Not only would it create a need for ventilation, to avoid a 

pressure build-up, but the PbCO3 would consume more H2SO4 and therefore increase the cost 

of operation. The characterization in this report estimated that only 5-10% of the PbSO4 had 

converted into PbCO3, but a higher conversion may occur and creating an acid-consuming 

material to leach.  

5.3 Economical and environmental aspects 
Part of the reason why this project was conducted were to investigate leaching from the 

alternative route for MO. The clinker-furnace is a process that works well and it will be 

challenging to create a process which can compete with the clinker-process. The main 

advantage is that MO can be taken into leaching without be treated in a pyrometallurgical 

way. By implementing such a route, Boliden can lower emission from using coal/oil in the 
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clinker-furnace and avoid generation of dust. The environmental aspect is considerable since 

CO2 not will be created in the same extent. It can also be argued that the clinker-furnace 

“binds” the Zn with Sn, as this report conclude, and therefore lowering the overall recovery 

for Zn at the moment. The downside of the alternative route is the cost of building such a 

facility as well as operating costs. Together with the fact that the whole process of this route is 

far from evaluated, there is still many uncertain parameters that need more time and 

investigation.  

Boliden Rönnskär will probably continue take in even more electronic waste and therefore 

further increasing the amount of Sn that end up in the leaching residue at Boliden Odda. This 

residue is mostly Pb with Sn and some silicates. From an environmental aspect, it would be 

better if this could be processed and turned into a pure metals, rather than being deposited in 

mountain caverns. In the long term, it can be seen as a recycling of more metals which is 

necessary for a more sustainable society.  

A quick calculation with some rough assumption can be done to estimate how much the 

leaching residue is worth at current moment. Assumptions could be that the residue is: 

- 20% of the ingoing material creates a residue containing 50 wt% Pb and 10 wt% Sn.  

- Pb being worth US$ 2500 per tonne (Exchange, 2018). 

- Sn being worth US$ 22 000 per tonne (Exchange, 2018). 

Altogether, with the production of roughly 50 000 tonnes MO each year at Boliden Rönnskär, 

the net value of Pb and Sn is US$ 34 500 000 per year. This is of course a very rough 

estimation with perfect recoveries, production of pure metals and no operation costs taken 

into consideration, but there is significant values currently being deposited.   
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6 Conclusions 
With the leaching results showing that Sn does not leach more than 10% from the Zn-clinker, 

a stoichiometric phase found in SEM-EDS analysis with Zn and Sn being 2:1, together with a 

reasonable match for Zn2SnO4 in the XRD-analysis, all data points towards that the main Sn-

bearing phase is Zn2SnO4. A secondary phase, representing 10-20% of the Sn-bearing phases, 

seen in the SEM-EDS analysis of the Zn-clinker showed that Sn often was found with Fe too 

and the leaching results showed that when Fe leach from the Zn-clinker, so does Sn.  

Considering the leaching results of MO showed that a temperature increase raised the 

extraction of Sn from 20% to 47% and that the phases found in the SEM-EDS analysis often 

contained more atomic% Sn than in Zn-clinker, it is concluded that the MO contains more 

pure Sn-oxides than Zn-clinker. SnO2 fits with the fact that increased temperature greatly 

affect the extraction of Sn, but various Sn-oxides with Fe, Pb, As and Zn is also present.  

The kinetic studies showed that suitable leaching conditions for Zn-clinker is as pH 0, 60 °C, 

120 minutes and pulp density of 10%. This since the 2-3% Zn that is enclosed as Zn2SnO4 

will not leach under these conditions and a Zn recovery of 97% can be achieved with an 

extraction for Sn being 9%.  

The MO behaved a bit different than the Zn-clinker and a short leaching time favors the Sn 

extraction since more Sn will be leached out with time. A lower temperature also favorable as 

seen in the leaching results of MO. A low pH will result in a Zn extraction over 99% and 

therefore the suggested leaching conditions are pH 0, 60 °C, 30 minutes and 10% pulp 

density.  

It is concluded that a smaller portion of PbSO4 is converted into PbCO3 by the SEM-EDS 

analysis on the soda-washed MO.  
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7 Recommendations and future work  
Even though this project answered some questions, many more came up during it. It is clear 

that the materials can be leached without significant extraction and loss of Sn. The Sn found 

in the Zn-clinker and MO leach differently, but the knowledge about how and why is yet not 

fully understood. A study on how the Fe and Sn binds in the clinker-furnace is needed since it 

seems like the little Fe found in the material often co-exist with Sn, which make Sn leach 

when using lower pH. Questions on how the clinker-process can be changed to create a 

material in which Sn is composed with different elements than Zn is of interest, since the 

“entrapped” Zn results in lower recoveries. However, this composition must be able to 

withstand the leaching condition to remain in the residue. A theory could be that removing as 

much Fe as possible would lower the extraction of Sn even further, but also bind up more Zn 

in the form of Zn2SnO4.  

As mentioned in the discussion, the leachate from the soda-washing of MO will contain As 

and will need treatment before it can be recycled back into the process. It is suggested that a 

study on how the As can be removed is done to be able to recycle the leachate.  

It was seen that higher temperatures clearly affected the Sn extraction for MO. Earlier 

experiments on these material show that Sn can be leached, but only with very high H2SO4 

amount, high temperature and for a long time. Further studies on how the temperature and pH 

effect the kinetics is important before upscaling this project. Only two kinetic studies were 

conducted in this report and many more would be needed to optimize the temperature and pH. 

One of the biggest questions that remain is how to further treat the residues that these leaching 

give. There is clearly potential from an economical point of views, as mentioned in section 

5.3. A study involving extraction of Pb is recommended to find a suitable way to take care of 

the material that is left and convert them into a product.  
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Appendix A: Leaching 
Average feed composition used in calculation of recoveries for Zn-clinker leaching 

experiments. 

[%] Zn Fe Cu Pb Ca As Sb Sn Mg 

Zn-clinker 1 66.09 0.73 0.15 10.56 0.12 0.27 0.15 1.69 0.19 

Zn-clinker 2 65.95 0.74 0.16 10.60 0.14 0.29 0.15 1.68 0.19 

Zn-clinker 3 66.17 0.73 0.15 10.47 0.13 0.28 0.15 1.70 0.19 

Average 66.07 0.73 0.15 10.54 0.13 0.28 0.15 1.69 0.19 

 

Residues composition from all Zn-clinker leaching experiments. 

Experime
nt 

Zn Fe Cu Pb Ca As Sb Sn Mg 

75* 1 45.70 0.91 0.24 22.00 0.11 0.47 0.11 2.05 0.26 

75* 2 45.40 0.90 0.24 22.20 0.11 0.47 0.11 2.03 0.26 

100* 1 18.75 1.65 0.29 41.21 0.09 1.15 0.47 6.52 0.09 

100* 2 18.57 1.69 0.32 40.16 0.08 1.12 0.47 6.37 0.10 

136* 1 11.74 1.32 0.06 44.22 0.06 0.62 0.41 7.06 0.07 

136* 2 11.14 1.32 0.06 44.86 0.06 0.60 0.42 7.15 0.07 

240 min* 9.06 1.20 0.02 48.74 0.06 0.68 0.46 7.82 0.07 

80C * 8.54 1.12 0.03 48.85 0.06 0.65 0.43 7.49 0.07 

          

Spent 
acid 1 

20.49 1.63 0.15 39.85 0.14 1.05 0.44 6.38 0.10 

Spent 
acid 2 

8.75 1.19 0.04 48.32 0.15 0.66 0.44 7.45 0.07 

S a 80C 8.57 1.17 0.04 47.36 0.13 0.61 0.43 7.22 0.08 

S a 240 
min 

8.66 1.22 0.03 47.00 0.14 0.65 0.43 7.31 0.08 

600 mV 8.92 1.37 0.04 47.32 0.15 0.68 0.44 7.46 0.07 

-400 mV 10.92 1.26 0.71 45.19 0.14 0.88 0.55 7.18 0.11 

          

pH 2 16.30 1.52 0.09 41.77 0.13 0.73 0.47 6.70 0.09 

pH 3 19.86 1.84 0.15 39.02 0.12 1.05 0.44 6.24 0.11 

pH 4 45.22 1.56 0.25 21.19 0.10 0.58 0.29 3.42 0.18 

pH 5 64.13 1.34 0.26 17.14 0.10 0.46 0.25 2.76 0.19 

 

Values from kinetic study on Zn-clinker. 

[min] 0 1 2 3 5 10 15 20 30 45 60 120 

Fe [mg/L] 18 157 241 288 354 407 433 464 452 459 473 498 

Zn [g/L] 41 64 77 84 92 97 89 91 99 99 103 104 

Sn 
[mg/L] 

0,5 25 44 37 17 70 26 10 5 7 10 7 

As 
[mg/L] 

0,5 35 52 59 65 122 127 101 113 118 130 130 
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Average feed composition used in calculation of recoveries for MO leaching experiments. 

[%] Zn Fe Cu Pb Ca As Sb Sn Mg Cl F 

MO 1 60.96 0.38 0.17 11.69 0.06 0.38 0.11 1.97 0.16 1.75 0.56 

MO 2 61.39 0.36 0.17 11.53 0.06 0.38 0.10 1.97 0.15 1.72 0.32 

MO 3 60.97 0.36 0.17 11.67 0.06 0.39 0.10 1.98 0.16 1.76 0.53 

Aver
age 

61.11 0.37 0.17 11.63 0.06 0.38 0.11 1.97 0.16 1.74 0.47 

 

Residues composition from all MO leaching experiments  

 Zn Fe Cu Pb Ca As Sb Sn Mg 

136 g H2SO4 1.79 1.26 0.00 54.02 0.19 1.83 0.32 9.49 0.12 

80C 1.37 1.62 0.01 58.51 0.22 1.46 0.14 6.42 0.08 

100 g H2SO4 6.23 1.50 0.08 53.51 0.10 0.92 0.15 7.27 0.09 

80 g H2SO4 21.55 1.30 0.29 38.12 0.14 1.36 0.35 6.51 0.94 

          

pH 2 27.20 1.54 0.14 41.39 0.11 1.18 0.31 7.11 0.14 

pH 3 25.11 1.43 0.14 39.00 0.11 1.09 0.31 6.52 0.19 

pH 4 37.52 0.95 0.15 29.57 0.09 0.84 0.25 5.04 0.18 

pH 5 48.57 0.66 0.29 19.51 0.08 0.56 0.18 3.35 0.18 

  

Values from kinetic study on MO. 

[min] 0 1 2 3 5 10 15 20 30 45 60 120 

Fe [mg/L] 10  79 96 97 98 100 99 105 113 113 141 

Zn [g/L] 34  78 92 92 91 91 84 89 91 93 97 

Sn [mg/L] 0,5  163 126 111 92 92 115 135 161 209 329 

As [mg/L] 0,5   127 100 92 61 46 39 23 11 0,5 0,5 
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Appendix B: Characterization 
Element analysis for figure 22, SEM-EDS analysis of Zn-clinker.    

 O Na Mg Al Si S Cl K Ca Cr Mn Fe Cu Zn As Br Tc Sn Sb Pb Bi Total 

Spectrum 51 50            50         100 

Spectrum 52 50           0.19 47.3 1.7      0.84  100 

Spectrum 53 52.8    5.3       4.28 1.48 11.1 0.6     24.4  100 

Spectrum 54 50           0.4  49.6        100 

Spectrum 55 50           0.89  49      0.15  100 

Spectrum 56 51             2.76      42.1 4.2 100 

Spectrum 57 50             11.2      38.8  100 

Spectrum 58 52.9    3.7    2.3   5.4 0.71 16.3 2.1   0.9  15.7  100 

Spectrum 59 52.7    1    0.9 0.5  14.3  20.9 0.9 0.8  4.4  3.64  100 

Spectrum 60 49.6 3   0.5       1.08  33.8      12.5  100 

Spectrum 61 52    3.3       1.33  13.8 1.4     28.3  100 

Spectrum 62 51    1.9    1.2   1.42  35.3 0.4     8.81  100 

Spectrum 63 50.6    1       1.34  40.5 0.4     6.13  100 

Spectrum 64 50.6             7.64      39.2 2.5 100 
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Element analysis for figure 23, SEM-EDS analysis of Zn-clinker.  

 O Na Mg Al Si S Cl K Ca Cr Mn Fe Cu Zn As Br Tc Sn Sb Pb Bi Total 

Spectrum 65 53.8    4.1   0.9 5.9   4.99  9.65 4.5   1.6  14.6  100 

Spectrum 66 50.6         0.8 0.4 32.4  14.7    0.7  0.4  100 

Spectrum 67 52.8   1.2 0.8    0.8 0.5  11.2  25 0.4   3.7  3.73  100 

Spectrum 68 52.5  0.5  0.7     0.6  14.5  21.9  0.7  4.8  3.86  100 

Spectrum 69 52.4    3.2       5.86  18.9 0.8   1.1  17.7  100 

Spectrum 70 51.2    0.9    1.3   8.82  32.1 0.6   1.3  3.9  100 

Spectrum 71 53.9  0.3 1      0.2 0.2 15.1  22.3    7.1    100 

Spectrum 72 52.7    0.5     0.3  15.9  22  0.6  5.4  2.47  100 

Spectrum 73 50.6    0.1       4.55  43.3    1  0.49  100 

Spectrum 74 51.8  0.4 0.9      0.4  23.8  19.5    3  0.2  100 
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Element analysis for figure 25, SEM-EDS analysis of MO  

 

 

 

 

 

 

 O Na Mg Al Si S Cl K Ca Cr Mn Fe Ni Cu Zn As Br Mo Sn Ba Ta Pb Bi Total 

Spectrum 47 60.42 0.4  7.22 20.82  0.16 7.28       3.08   0.2  0.14  0.3  100 

Spectrum 48 54.77   0.62 2.18 1.17      3.2 0.62  27.57 0.29   4.56   5.03  100 

Spectrum 49 50           0.21   49.5       0.29  100 

Spectrum 50 56.54     5.71 0.61     0.79   23.35    2.19  0.06 10.76  100 

Spectrum 51 55.66   0.48 10.14 0.86 0.77        30.43       1.66  100 

Spectrum 52 54.14     4.24 0.7 0.58       31.32 1.56      7.46  100 

Spectrum 53 51.72 2.74  0.34 0.47 2.1 0.35     0.28   35.97 0.22   0.2   5.61  100 

Spectrum 54 64.19     14.19         5.53       16.1  100 

Spectrum 55 50.67    0.24 0.55         47.66       0.87  100 

Spectrum 56 53.86     3.44         37.88    0.84   3.98  100 

Spectrum 57 59.67 4.45  7.39 16.03 0.92   1.31      9.04       1.2  100 

Spectrum 58 56.88   26.9  0.41 0.51        14.44       0.87  100 

Spectrum 59 50.71     2.21 2.55        38.35  1.25  0.8   4.14  100 

Spectrum 60 51.91     2.34 0.86        39.83       5.06  100 

Spectrum 61 60.37     10.37         18.09       11.16  100 

Spectrum 62 53.9 2.57    4.4      0.49   31.1  0.31  0.42  0.12 6.69  100 

Spectrum 63 58.73     8.53         22.17    0.39   10.17  100 
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Element analysis for figure 28, SEM-EDS analysis of washed MO. 

 O Na Mg Al Si P S Cl K Ca Cr Mn Fe Ni Cu Zn As Cd Sn Sb Ba Pb Bi Total 

Spectrum 39 57.07  3.2 1.49 13.08  0.11   14.33   3.28  1.21 3 0.12  0 0.05 0.25 2.8  100 

Spectrum 40 49.34 6.45 3.11 0.84 0.74  0.08   0.22 0.32 2.08 17.38  0.3 18.32 0.01  0.4 0.07  0.35  100 

Spectrum 41 56.75 5.06 0.18 2.72 14.18  0.35  0,63 0.69   2.86   14.25 0.18  0.02 0.04  2.09  100 

Spectrum 42 47.04 12.35 0.15 0.04 0.07  0   0.01   0.04   40.09 0.04  0.15 0  0.03  100 

Spectrum 43 46.87 13.49 0 0.1 0.22  0.12 0.73  0.03   0.1   36.33 0.81 0.19 0.27 0.05  0.69  100 

Spectrum 44 47.1 12.72 0 0.03 0.03  0.02   0   0.08   39.17 0.26  0.34 0  0.23  100 

Spectrum 45 47.64 10.36 0.23 0 0.17  0   0.22   0.05   27.08 0.14  0.19 0.04  13.87  100 

Spectrum 46 50.25  0.16 0.02 0.06  0 0.22  0   0.14   48.15 0.15  0.55 0.06  0.26  100 

Spectrum 47 53.69 5.64 0 0.07 0  0   0.1   0.19   27.61 0.02  10.08 0.16  2.43  100 

Spectrum 48 51.65 8.41 0 0.05 0  0   0.05   0   32.16 0  7.42 0.11  0.16  100 

Spectrum 49 49.94  0 0.01 0.15  0 1.32  0.11   0.05   44.96 1.02  0.53 0  1.92  100 

Spectrum 50 47.08 12.82 0 0.28 0.38  0   0.21   0.26   25.06 0.07  0.01 0  13.82  100 

Spectrum 51 48.58 6.71 0.07 0.01 0.11  0.05   0   0.02   44.06 0.03  0.27 0.05  0.04  100 

Spectrum 52 47.62 11.59 0 0.06 0.15  0.17 0.37  0   0   39.02 0.08  0.84 0.02  0.07  100 
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 O Na Mg Al Si P S Cl K Ca Ti Cr Mn Fe Cu Zn As Br Mo Sn Sb Ba Ta W Pb Total 

Spectrum 25 42.7 0.6 0.8 3.7 27 0.2 0.3  0.3 2.2 0.5   18.4 0 1.85 0   0.35 0   0.3 0.74 100 

Spectrum 26 42.1 1.3 1.4 8.92 22.1  0.1  0.7 5.4 0.4   14.4 0.1 2.07 0   0.29 0.4    0.45 100 

Spectrum 27 20.3 1.1 0.1 0.02 0.37  4.3 1.1  0.1   0.7 0.68 0 6.43 4.27   25.2 0.9    34.5 100 

Spectrum 28 49.1 0.3 0.1 14.5 30.4  0.3 0.2 1.5 0.1    0.21 0 0.24 0.02   1.21 0.5   0 1.37 100 

Spectrum 29 49.5 0.2 0 11.3 33.3  0.3 0.1 1.6 0.1    0.12 0 0.4 0.09   0.67 0.5 0.5   1.38 100 

Spectrum 30 20.2  0 0.07 0.02  9.6   0.3    0.24 0 0.8 0.19   0.08 0    68.5 100 

Spectrum 31 20.1  0 0.04 0.16  9.5   0.2    0.05 0 0.2 0.21   0.39 0    69.2 100 

Spectrum 32 22.2 1.8 2 0.02 0.18  0.4 0.2  0.2  0.4 4.4 39.3 0.5 19 1.17 0.5  5.1 0.2    2.52 100 

Spectrum 33 23.3 2.7 3.7 0.6 0.11  0.3 0.3  0.3  0.8 3.9 38.1 0.4 18.6 1.17   4.03 0.1    1.7 100 

Spectrum 34 21.8 0.8 0.2 0.13 0.52  1.7 0.4  0   1 1.38 0 6.48 13.2   39.9 0.1    12.5 100 

Spectrum 35 20  0.1 0 0.15  9.3   0.2    0.24 0 0.89 0.16   0.37 0    68.6 100 

Spectrum 36 21.3 0.7 0 0.47 0.28  3.8   0   0.7 1.22 0.1 8.19 6.38   28.4 0.6  0.2 0.1 27.7 100 

Spectrum 37 21.4 4.1 0.1 0.83 0.13  0.1   0    3.71 0.1 36.7 0.05   32.3 0    0.5 100 
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Element analysis for figure 34, SEM-EDS analysis of leached Zn-clinker. 

    

 O Na Mg Al Si S Cl K Ca Ti Cr Mn Fe Ni Cu Zn As Br Sn Sb Ta Pb Bi Total 

Spectrum 42 66.6  0 0 33.3 0.01  0 0   0 0.02 0 0 0.03 0       100 

Spectrum 43 56 1.7 0.2 0.28 0.14 0.06  0.4 0   0.1 2.84 0.1 0 25.4 0.01  12.6   0.22  100 

Spectrum 44 55.7 1.4 0.1 0.39 0 0.09  0.2 0   0.1 3.68 0 0.1 26.4 0  11.9     100 

Spectrum 45 61.6  0.1 0.23 0.91 9.71  0.5 0.3   0 0.41 0 0.1 5.35 0.63  2.42  0.1 17.7  100 

Spectrum 46 56.9  0.1 0.27 0.05 0.07  0.3 0   0 0.89 0 0 27.7 0.01  13.7     100 

Spectrum 47 51.2  0 0.27 0.48 0.85  0 0.2   0 0.06 0.2 0.7 1.65 0.04     44.3  100 

Spectrum 48 55.1  0 0.07 0.76 4.65  0 0.2   0.2 0.29 0.1 0.6 5.77 0.18     32.2  100 

Spectrum 49 56.6 1.5 0.1 0.16 0.03 0.04  0.2 0   0 0.6 0 0.2 26.7 0  13.8   0.12  100 

Spectrum 50 50.7  0 0.14 1.34 0  0.2 0.1   0.4 0 0.2 0.7 2.31 0.17     43.7  100 

Spectrum 51 63.3  0 0.08 0.24 0  0.1 0   0 0.05 0 0.3 1.02 10.5  21.2   3.18  100 

Spectrum 52 65.8  0 0.02 0.06 15.7  0 0   0 0.05 0 0 18.1 0.03     0.18  100 

Spectrum 53 56.9  0.1 0.39 0.08 0.26  0.2 0.1   0 1.04 0 0 27.6 0.06  13.1   0.31  100 

Spectrum 54 63.6  0.2 0 0.17 0.11  0.2 0   0.1 0.11 0.2 0.1 0.35 10.4  21.6   2.91  100 

Spectrum 55 54.1  0.1 0 0.71 1.3  0.3 0   0.1 0.35 0 0.4 0.81 0.5  2.96   34.6 3.8 100 

Spectrum 56 56.4 1.1 0.1 0.56 0.05 0.03  0.3 0   0.1 1.46 0.1 0.2 26.3 0.01  13.2   0.09  100 

Spectrum 57 55.8  0.1 0.06 0.27 0.15  0.2 0.1   0 0.95 0 0.1 30.6 0.11  11.1   0.51  100 

Spectrum 58 56.5  0 0.06 0.07 0.29  0.1 0.6  1 0.1 2.76 0.1 0.2 26.2 0.03  11.8   0.37  100 

Spectrum 59 53.5  0 0.13 1.1 2.92  0 0.9   0 0.51 0.4 0 3.92 0     36.6  100 

Spectrum 60 55  0.3 0.43 0.15 0.3  0.1 0.1   0.2 11.6 0 0.2 22.1 0.05  9.09   0.41  100 

Spectrum 61 54.5  0.3 0.82 0.07 0.05  0.1 0.2   0.6 11.8 0 0.3 22.6 0.01  8.2 0.4    100 

Spectrum 62 54  0.1 0.63 0.13 0.2  0.1 0   0.4 13.7 0.1 0.5 22.5 0.02  6.95 0.4  0.2  100 

Spectrum 63 64  0 0.04 1.69 12.8  0.2 0.2   0 0.33 0 0 1.11 0.45  0.68   18.5  100 

Spectrum 64 56.8  0 0.1 0.04 0.11  0.3 0   0 0.57 0 0 28.2 0.08  13.4   0.34  100 

Spectrum 65 56.4 1.8 0 0.31 0.11 0.2  0.2 0   0.1 0.53 0.1 0 27 0.03 0 13.1   0.2  100 

Spectrum 66 61.6 0.6 0 19.5 7.54 2.71  0.1 0   0 0.34 0 0 2.65 0.52  0.44   3.99  100 

Spectrum 67 50.5  0.1 0.1 0.96 0  0.1 0.1   0 0.13 0 0.2 1.17 0.14     46.4  100 
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Appendix B: XRD-analysis: SCORE-values for all minerals 
All minerals found in the XRD-analysis is given a SCORE by PANalytical HighScore Plus. 

This value can be seen as how well the pattern found in the analysis correspond to an ideal 

pattern. A value between 0-100 is given to each mineral and may indicate if a mineral is in the 

material or not. A higher SCORE-value simply means that a better match was done.  

XRD-analysis data with SCORE for Zn-clinker.  

Mineral Chemical composition Score 

Zincite ZnO 79 

Franklinite Fe2ZnO4 23 

Litharge PbO 14 

Graphite C 20 

 

XRD-analysis data for MO.  

Mineral Chemical composition Score 

Zincite ZnO 70 

Anglesite PbSO4 60 

Wuestite Fe0.92O 37 

Matlockite PbFCl 38 

Quartz SiO2 26 

Romarchetite SnO 29 

Dizinc stannate Zn2SnO4 17 

Iron tin(IV) oxide Fe5SnO8 18 

Graphite C 20 

 

XRD-analysis data for washed MO. 

Mineral Chemical composition Score 

Zincite ZnO 70 

Anglesite PbSO4 60 

Cerussite PbCO3 18 

 

XRD-analysis data leached washed MO.  

 

 

Mineral Chemical composition Score 

Anglesite PbSO4 86 

Wustite FeO 24 

Cluadetite As2O3 18 

Romarchite SnO 15 

Francklinite ZnFe2O4 19 

Jeanbandyeite (Fe3+, Mn2+)Sn(IV)(OH)6 24 

Dizinc stannate Zn2SnO4 13 

Graphite C 34 
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XRD-analysis data leached Zn-clinker.  

 

 

Mineral Chemical composition Score 

Anglesite PbSO4 75 

Wuestite FeO 36 

Dizinc stannate Zn2SnO4 57 

Coesite SiO2 23 

Iron tin(IV) oxide Fe5SnO8 29 

Franklinite ZnFe3+
2O4 12 


