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Abstract
During the past 40 years, worldwide zinc consumption has doubled which increases need for secondary raw

materials in zinc refining. Secondary zinc-containing raw materials that originate from waste electric

equipment (WEEE) or coating materials increasingly contain tin and other impurities that are not typically

found from primary zinc concentrates. Consequently, zinc refineries that utilize these types of secondaries

must evaluate their suitability for the current unit processes used for treatment. If ended up in zinc

electrolysis, tin, bismuth, and tellurium could co-deposit on the zinc cathodes, reduce current efficiency and

modify the morphology of the deposit. For this reason, the impurity metal concentrations must be minimized

in zinc electrolyte by selection of suitable leaching parameters and solution purification methods beforehand.

    In this thesis, chemistries and hydrometallurgy of tin, bismuth, and tellurium is studied in sulfuric acid

media with secondary zinc-containing dusts. Leaching parameters were chosen to cover a wide range of

variable conditions in order to determine the hydrometallurgical behavior of these selected impurities.

Leaching experiments, where the acidity of the solution was increased step by step, were conducted to

ascertain at which acidity the metals start to dissolve in a sulfate solution. Leaching behavior could be

predicted based the experiments performed and Pourbaix diagrams constructed by HSC Chemistry modelling.

    The results of the work indicate that tin has a low solubility in sulfuric acid media, which is in line with the

findings from literature. Under higher acidity conditions (Hot acid leaching) less than 1% of tin is leached into

solution and although further increase in acidity increases tin recovery, the recovery remains below 10% with

a 120 g/l sulfuric acid concentration. An increase in leaching time and inclusion of air purging was found to

slightly increase tin recovery, whereas divalent tin sulfate (SnSO4) showed a marginally higher solubility than

the quadrivalent tin oxide (SnO2). Based on this work, it can be determined that almost all the tin would end

up within the high lead containing leaching residue. In addition, bismuth and tellurium were shown to be

insoluble under weak acid leaching conditions but dissolved significantly with hot acid leaching. Closer

inspection indicates that bismuth and tellurium start to dissolve within pH < 1 and pH < 0.5, respectively. Air

purging and resulting higher oxidation potential in the solution decreased bismuth leaching and increased

tellurium leaching.

    This research strongly indicates that tin can be recovered in lead containing leaching residue, hence

minimizing the possible detrimental effects at later process stages of zinc refining.

Keywords tin, bismuth, tellurium, leaching, sulfuric acid, secondary raw material, zinc, zinc sulfate
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Tiivistelmä
Viimeisen 40 vuoden aikana sinkin kulutus on tuplaantunut maailmassa, mikä lisää sekundääristen raaka-

aineiden tarvetta sinkin tuotannossa. Sekundääriset sinkkipitoiset raaka-aineet, jotka ovat peräisin

elektroniikkajätteistä tai pinnoitemateriaaleista, sisältävät enenevissä määrin tinaa ja muita epäpuhtauksia,

joita ei tyypillisesti löydy primäärisistä sinkkirikasteista. Sulatot, jotka vastaanottavat sekundäärisiä raaka-

aineita, joutuvat arvioimaan omien yksikköprosessiensa soveltuvuutta raaka-aineiden käsittelyyn.

Päätyessään elektrolyysiin tina, vismutti ja telluuri voivat saostua sinkin mukana katodille, heikentää

virtahyötysuhdetta ja muokata katodin rakennetta. Tämän takia kyseiset metallipitoisuudet elektrolyytissä on

minimoitava sopivien liuotusparametrien ja liuospuhdistusmenetelmien avulla ennen elektrolyysiprosessia.

    Tässä opinnäytetyössä tutkittiin tinan, vismutin ja telluuriin käyttäytymistä rikkihappoliuotuksissa yhdessä

sekundääristen sinkkipitoisten pölyjen kanssa. Liuotusparametrien valinnassa käytettiin laajasti eri

olosuhteita epäpuhtauksien hydrometallurgisen käyttäytymisen arvioimiseksi. Lisäksi suoritettiin

liuotuskokeita, joissa liuoksen happamuutta lisättiin asteittain kokeen aikana, minkä tarkoituksena oli

selvittää, kuinka korkea happamuus vaaditaan kyseisten metallien liukenemiseen sulfaattiliuoksessa.

Epäpuhtauksien liukenemiskäyttäytymistä voidaan ennakoida kokeellisten tulosten ja HSC Chemistry

ohjelmalla rakennettujen Pourbaix kaavioiden avulla.

    Tulokset osoittavat, että tina on niukkaliukoinen metalli rikkihappoliuoksissa, mikä on myös linjassa

aiemmin raportoitujen tutkimusten kanssa. Väkevissä happopitoisuuksissa alle 1 % tinasta päätyy liuokseen

ja happamuutta yhä nostettaessa tinan liukenevuus lisääntyy, mutta on edelleen alle 10 % 120 g/l rikkihappo

konsentraatiossa. Liuotusajan pidentäminen ja ilman puhaltaminen lisäävät tinan liukoisuutta, ja

kahdenarvoinen tina sulfaatti (SnSO4) liukenee hieman tehokkaammin kuin neliarvoinen tina oksidi (SnO2).

Tulosten perusteella voidaan todeta, että sinkin teollisessa liuotusprosessissa lähes kaikki tina päätyisi osaksi

liuotusjäännöstä, lyijysakkaa. Vismutti ja telluuri ovat tinan ohella liukenemattomia heikkohappo-

liuotuksessa, mutta liukenevat jo merkittävästi väkevimmissä happopitoisuuksissa. Tarkempi tarkastelu

osoittaa, että vismutti liukenee, kun pH < 1 ja telluuri liukenee, kun pH < 0.5. Ilmapuhallus ja korkeampi

hapetuspotentiaali, pienensi vismutin liukoisuutta ja vastaavasti lisäsi telluurin liukoisuutta.

    Tämä tutkimus osoittaa, että tina voidaan talteen ottaa lyijysakkaan, mikä näin ollen minimoi tinan

mahdollisesti haitalliset vaikutukset myöhemmissä sinkin tuotannon prosessivaiheissa.

Avainsanat tina, vismutti, telluuri, liuotus, rikkihappo, sekundäärinen raaka-aine, sinkki, sinkkisulfaatti
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I. Theoretical part

1 Introduction and background

Secondary zinc raw materials contain increasingly significant amounts of tin and other

impurities that originate from waste electric equipment (WEEE), waste coatings, and

other non-primary resources. Zinc smelters that receive increasing amounts of secondary

raw materials must cope with increased amounts of impurities like tin coming from these

sources. As tin and many other divalent metals such as cobalt, copper, nickel and

cadmium are detrimental to zinc electrolysis due to co-deposition phenomena, they must

be removed from the zinc-rich solution prior to electrolysis (Svens, 2003). Additionally,

bismuth and tellurium are detrimental metals that are not found in zinc concentrates but

might be present in secondary raw materials as trace amounts. Thallium on the other hand

is found in trace amounts from both zinc concentrates and WEEEs.

Tin is almost always used in alloys, as in the elemental form it transforms from the

metallic β-tin to nonmetallic α-tin at temperatures below 13.2 °C (USGS, 2020;

Msallamová, 2014). For example, tin-lead alloy is a common solder material used in

printed circuit boards (PCBs) as the Sn-Pb eutectic mixture has a low melting point

(Hong, 2015). In addition, tin is also used as a protective coating due its tendency to form

a protective oxide layer that prevents further oxidation or corrosion of the underlying

substrate (Zhang, 2011). Currently, approximately 50% of global tin production results

from secondary resources and due to the increasing shortage of primary tin ores, new

methods that allow the tin recovery from industrial process residues are of increasing

interest (Luo, 2019).

In 2019, global tin mine production was 310,000 tons with Indonesia (80,000 t) and China

(85,000 t) as the main sources. About 80% of known tin resources are in riverbeds, valleys

or on the seafloor as unconsolidated secondary or so-called placer deposits. Cassiterite

(SnO2) is currently the most important primary source of tin, although small quantities

are also recovered from complex sulfides (Hong, 2015; Barume, 2016). Worldwide
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annual refinery tin production is approximately 300,000 tons, based equally on primary

raw materials and secondary resources (Luo, 2019). Nevertheless, a significant restrictive

factor in pyrometallurgical tin recovery is that the input grade of the concentrate needs to

be >60% in order to avoid unwanted tin-iron alloy formation (Hong, 2015).

Consequently, hydrometallurgical-based routes are generally considered as more suitable

for the treatment of lower grade concentrates.

Bismuth finds use in a number of applications that include pharmaceuticals, pigments,

cosmetics and as an alloying element —Bi when alloyed, for example, with iron increases

material toughness and improves machinability (USGS, 2020; Bell, 2018). Moreover, the

European Union's Restriction of Hazardous Substances Directive (RoHS) for the

reduction of lead has increased the use of bismuth in electronics; Bi has similar properties

and density as lead, which along with a relatively low toxicity allows substitution in many

applications like bullets and low-melting point solders (Jeon, 2015; Wang, 2019). In

addition, bismuth telluride has semiconductor properties that, when alloyed with

antimony or selenium, can produce thermoelectric material for use in refrigeration and

portable power generation applications (Goldsmid, 2014).

In 2019, total bismuth refinery output was 19,000 tons and this is dominated by China

with over 70% of global production. In China and Vietnam, bismuth is a byproduct of

tungsten, lead and copper processes, whereas the world’s only primary bismuth mine —

with the most common bismuth minerals bismite (Bi2O3) and bismuthinite (Bi2S3)— in

Tasna, Bolivia has been inactive since 1996 (USGS, 2020).

Tellurium is primarily used as an alloying element in copper and steel alloys due to its

ability to improve material machinability (Wang, 2011). In addition, significant amounts

of tellurium are utilized in semiconductors (along with cadmium and bismuth), for

example, thin-film solar panels contain cadmium telluride, which is one of main

photovoltaic technologies on the market (Ramos-Ruiz, 2017). Consequently, tellurium is

one of only a few technology-critical elements (TCE) that is neither part of the platinum

group metals (PGMs) nor the rare earth elements (REEs).
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Tellurium is one of the rarest elements on Earth and has an estimated crustal abundance

of only 0.005 ppm (Wedepohl, 2015). In 2019, worldwide tellurium refinery production

was 470 tons, produced mainly as a byproduct of copper processing. More than 90% of

tellurium was produced from copper anode slimes in 2019 with China the biggest

producer: 290 tons equivalent 62% of the global production (USGS, 2020). Between

1940–2010, almost 80% of refined tellurium was used for alloying and other end-uses

where the potential for recovery for reuse is extremely low (Kavlak, 2013). Currently,

only a minor amount of tellurium is recycled, mainly from end-of-life selenium-tellurium

photoreceptors and cadmium telluride solar cells (USGS, 2020). For potential primary

production, the most common tellurium minerals available comprise of different

tellurides such as hessite (Ag2Te) and altaite (PbTe) (Goldfarb, 2017).

Thallium is primarily used in highly sophisticated applications including medical

imaging, gamma radiation detection equipment, superconductors, infrared detection and

transmission equipment, and low temperature thermometers. Also, some of thallium finds

its use as an additive in glass and a catalyst for organic synthesis. (USGS, 2020) Thallium

is a highly toxic metal and is more toxic to humans than mercury, cadmium, or lead

(Twidwell, 2002). Limited data is available about global refinery production of thallium

but in 2019, the estimation was less than 8,000 kg. The major sources of recoverable

thallium are the trace amounts present in lead, copper, and zinc sulfide ores. However,

only few countries produce thallium as a byproduct of lead, copper, or zinc and currently,

thallium is not recycled. (USGS, 2020)

As zinc processing plants start to increasing rely on secondary raw materials with a high

zinc content as an alternative feedstock, the presence of tin, bismuth and tellurium may

become increasingly common as impurities in future zinc processes, in contrast to those

from primary zinc concentrate. By application of the leaching conditions of a traditional

electrolytic zinc plant to zinc-containing process dust and related impurities, the

suitability of the current treatment specifications or composition restrictions can be

assessed. As the hydrometallurgical behavior of these impurities in zinc sulfate media has

not been widely researched, these investigations are intended to establish a base for future

related research.
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The main aim of this work is to achieve a more detailed understanding of

hydrometallurgical behavior of tin, bismuth, and tellurium with sulfuric acid media in the

presence of zinc. Furthermore, a literature review of the effect of thallium in zinc

processes as well as the current state of indium, gallium, and germanium markets is

undertaken.
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2 Literature review

2.1 Economic importance of tin

Tin is the 49th abundant element in Earth’s crust with 2.3 ppm abundance which is low in

comparison to more common base metals such as zinc (70 ppm). Most common tin

mineral is Cassiterite (SnO2) and about 70% of Cassiterite concentrates originates from

placer deposits. China holds about 24% of known tin reserves and accounts for 38% of

worldwide tin mine production (Schulz, 2017). In terms of mine production, China and

Indonesia are leaders with over 50% of worldwide production in total (USGS, 2020). In

2019, worldwide tin refinery output was about 300,000 tons of which China covers about

148,000 tons (Luo, 2019; Schulz, 2017).

Recycling of tin has increased interest due to shortage of primary tin ores. Recycled

Content (RC) measures the fraction of scrap in the total metal used in the manufacture

and fabrication of a given product, and for refined tin, RC was 22% in 2004 (Graedel,

2011) and according to Luo et. al (2019) about 50% in 2018. End-of-life recycling rate

(EOL-RR) describes the fraction of material recycled relative to the amount of material

available at the end of life. EOL-RR for tin from discarded products is about 50%

(Graedel, 2011). Recycling of tin is rather efficient due to its large quantities in certain

products and its relatively pure form in alloys (Schulz, 2017).

An average annual tin price in New York dealer rose from 16.7 to 20.7 US$/kg between

2015 and 2017 but the price has since decreased to 19.0 US$/kg. Figure 1 shows average

tin prices in New York dealer and London Metal Exchange from the past five years.
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Figure 1. Average annual tin prices in New York Dealer and London Metal Exchange

2015–2019. (USGS, 2020).

Tin finds its use in several applications, mainly in form of alloys due to its tendency to

decompose at temperatures below 13.2 °C in elemental form. Figure 2 shows shares of

different tin applications. Most commonly tin is used in solder materials (47%) where the

main alloying material has typically been lead. Lead has increasingly been substituted for

other metals due to environmental concerns and in 2017, lead-free share of electronic

solders was 68% (International Tin Association, 2018). Second most common tin

application category is chemicals (18%) that include, for example, organotin compounds

utilized as stabilizers in polyvinyl chloride which consumes about 20,000 tons tin each

year. In addition, organotin compounds are used as catalysts for the formation of

polyurethanes and vulcanization of silicones (Davies, 2006).

Tin plates (14%) are utilized for example in food preservation and in US the plates are

the most common tin application with 21% share (USGS, 2020). In lead acid batteries

(8%) tin is used in grids to improve casting and cycling performance. Use of tin in lead

acid batteries is estimated to grow by 2.5% by 2025 after which there is a substantial risk

of substitution by other battery technologies (International Tin Association, 2017).

Copper alloys (5%) include bronze, bell metal and Babbitt metal.
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Figure 2. Global tin use by application in 2017. (International Tin Association, 2018).

2.2 Secondary zinc raw materials

During the past 40 years, worldwide zinc consumption has more than doubled, although

the main applications of zinc have not changed significantly. Over 60% of zinc is used

for galvanizing, 15% for zinc alloys, 14% for brass and bronze and 8% as compounds

such as ZnO in fertilizers, paints, rubbers, and pharmaceuticals. The growth of

consumption has mainly occurred in long-lifetime applications like in galvanized steel.

(International Zinc Association, 2015)

A wide variety of zinc-containing products contain tin, bismuth, and tellurium. Products

where zinc is associated with tin include for example tin-zinc coatings for steel protection

(Guaus, 2003). Copper zinc tin sulfide (CZTS) and copper zinc tin selenium (CZTSe) are

semiconducting compounds that fall into the third-generation thin-film photovoltaics

(Scragg, 2011).

Zinc and bismuth can also be found together in galvanized steel as bismuth has been

increasingly used as a substitution for lead. For example, Boliden’s Zinc Bright® alloy,

used for galvanizing, contains 0.05 wt-% of both bismuth and tin. Metal oxide varistors
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(MOV), that are commonly used in power lines, contain zinc and bismuth oxides

(Gutknecht, 2015).

Zinc is associated with tellurium in semiconductor materials, for example, zinc telluride

(ZnTe) and cadmium zinc telluride (CdZnTe) are utilized in LEDs, laser diodes, solar

cells, and electro-optic detectors among many other applications (Kumar, 2012).

Recyclable material can be divided into new scrap and old scrap. New scrap is generated

during refinement and fabrication processes. In addition to side streams of zinc refining,

typical new scrap sources of zinc are, for example, ash and dross from galvanizing

processes, electric arc furnace (EAF) flue dust from steel production, brass and copper

smelting dusts, and rayon industry sludge (Ekman Nilsson, 2017; Jha, 2001). Old scrap

sources of zinc account for all the zinc-containing end-of-life products such as

aforementioned applications, automobile scrap, and battery scrap. The old scrap ratio

(OSR) describes the fraction of material from old scrap in the total recycling flow. For

zinc the OSR is estimated to be 70% (International Zinc Association, 2015).

In 2015, recycled content (RC) for refined zinc was about 10% globally (Anderson, 2015;

International Zinc Association, 2015). However, RC of all zinc-bearing goods is

approximately 25–30% because some of the secondary zinc raw material does not require

refining but can be directly recycled to fabrication processes (International Zinc

Association, 2015). For zinc, the End-of-life recycling rate (EOL-RR) is about 45%

globally but in EU nearly 70% (Ekman Nilsson, 2017; International Zinc Association,

2015). Some of the zinc is not brought back to zinc refining processes but re-melted as

alloys, for example as brass and die cast alloys (Jorge, 2015).

Copper flash smelting and copper blast furnace flue dusts are potential secondary sources

of zinc, which may also contain traces of tin, bismuth, and tellurium (Gonzalez, 2017;

Montenegro, 2013b; Anable, 1981; Makuei, 2018). Dusts contain typically 5–20 wt-% of

zinc along with copper (10–20 wt-%), and main impurities being iron, lead, arsenic,

cadmium, antimony, bismuth, and selenium (Miettinen, 2008; Montenegro, 2013b;

Gonzalez, 2017). Approximately 80% of bismuth present in copper concentrate ends up
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in the flue dust (Norman, 1997). Tellurium is usually recovered from copper anode

slimes, but it has been reported that part of the tellurium may volatilize and end up in the

flue dust during copper smelting (Makuei, 2018). Characterizations for dusts show that

the main components are in the forms of sulfates and oxides (Miettinen, 2008;

Montenegro, 2013b).

In 2014, global electric arc furnace (EAF) dust output was estimated to be about 8.8

million tons (Lin, 2017). Flue dusts from EAFs typically have significant zinc

concentrations (20–30 wt-%) due to increasing use of galvanized scrap in steelmaking,

nevertheless, the high iron content (about 30 wt-%) may limit its use in primary zinc

operations (Schoukens, 1993). Furthermore, EAF dusts typically contain fluorides and

chlorides that might also cause corrosion issues during the zinc refining steps (Jha, 2000;

Maruskinova, 2014; Anderson, 2015; Youcai, 2000). Other major impurities in EAF dusts

are lead, manganese, magnesium, calcium and cadmium (Jha, 2000; Maruskova, 2014).

Dusts mainly contain metal oxides, but some zinc is present as ferrite phases (Schoukens,

1993; Jha, 2000). Currently, less than 50% of EAF dust is recycled —about 4.0 million

tons of dust containing 0.8 million tons of zinc is recycled while about 4.5 million tons

of dust containing 0.9 million tons of zinc is landfilled (Jorge, 2015).

Two main smelter types for zinc refining are Imperial Smelting Furnace (ISF) smelters

and Electrolytic smelters. Of these, ISF smelters are more tolerant for secondary raw

materials —halogens are the only restrictive factor— however, modifications to the

sinter/acid area are necessary if the feed consists of 100% secondaries. In Electrolytic

smelters, secondary oxides can be fed directly to calcine leaching, but the process is

intolerant of both halogens and high iron contents. Pretreatment of secondaries by a

Waelz kiln (to make ZnO-containing Waelz oxide and iron slag) is a way to increase the

recycling potential of zinc in Electrolytic smelters. Figure 3 shows most important steps

in Waelz kiln process. For ISF and Electrolytic smelters about 30% and 10% of total feed

consist of secondary raw materials, respectively. (Anderson, 2015)
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Figure 3. Waelz kiln process steps. (Global Steel Dust, 2018).

In Electrolytic smelters, iron is typically precipitated as jarosite during the acid leaching

stages. This process step creates a lot of refractory residue that must be stored. In order

to avoid unnecessary concentrations of iron in the leaching stages, secondary zinc raw

materials should be purified from iron beforehand, though care must also be taken with

any halogenic content as this results in corrosion issues. In Europe, the Waelz kiln process

accounts for about 80% of the total EAF dust treated (Anderson, 2015; Lin, 2017) and

this process results in recoveries of 55–65% zinc as Waelz oxide, where zinc is mixed

with lead. Waelz kiln is operated at 1200 °C, and coke is used to reduce and volatilize

zinc and lead. In the gas phase zinc and lead are oxidized again to form Waelz oxide.

Drawbacks of the process include the fact that a zinc concentration of >16 wt-% is

required to be economic, some of the zinc is lost in Waelz slag and the process itself does

not solve the halogen issue (Lin, 2017). However, subsequent washing of the Waelz oxide

allows chlorine and fluorine contents to be decreased to 0.1 wt-% and 0.15 wt-%,

respectively (Tzouganatos, 2013).

Several pyrometallurgical pretreatment processes have been developed to replace Waelz

kiln including rotary heart furnace (RHF) (Tsutsumi, 2010), PRIMUS (Kurunov, 2012),

OXYCUP (Holtzer, 2015), Coke-packed bed (Hara, 2000), Ausmelt (Hughes, 2008),
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ESRF (Nakayama, 2012), Plasmadust (Schoukens, 1993), Plasma-arc (Schoukens, 1993),

EMPF (Schoukens, 1993), Submerged plasma (Verscheure, 2007), PIZO (Lin, 2017),

Flame reactor (Assis, 1998), Thermal plasma reduction (Best, 2001), Microwave

processing (Sun, 2008), Solar thermal reduction (Tzouganatos, 2013), Iron bath smelting

(Grillo, 2014), Calcification (Chairaksa-Fujimoto, 2015), and Halogenation processes

(Guo, 2010). Of these processes PRIMUS, ESRF, Solar thermal reduction and

Calcification can solve the halogen related issues. Whereas Waelz kiln produces iron slag,

some of the processes like RHF, PRIMUS, ESRF, and OXYCUP can produce pig iron or

iron concentrate. Nevertheless, although many of the technologies are already utilized on

an industrial scale, microwave processing, solar thermal reduction and halogenation are

examples of still developing technologies that could set the future direction for

sustainable treatment of EAF dusts (Lin, 2017). Solar thermal reduction can be utilized

to treat dust directly, but also as a sequential step for the Waelz kiln and this can produce

90 wt-% crude ZnO with 99% zinc recovery (Tsouganatos, 2013).

Most of the technologies are capable at recovering >90% zinc from dusts whilst

minimizing the iron content, and the purity of crude zinc oxide is approx. 60–70 wt-%

(Lin, 2017). If halogens are removed from zinc oxide produced either by the process itself

or washing, the material can be directly fed to the calcine leaching of Electrolytic

smelters. Solar thermal reduction and submerged plasma technologies can reduce

greenhouse gas emissions by utilizing solar energy and hydroelectric power, respectively

(Lin, 2017). In opposite, OXYCUP process requires high carbon input as coke and in

briquettes, thus significantly generating CO2-emissions (2070 kg/ton pig iron) (Kurunov,

2012). Challenges of the new technologies are mainly related to the feed material

requirements, high energy consumption, and technical issues related to scale up (Lin,

2017).

In addition to pyrometallurgical pretreatment steps, several studies have been conducted

related to the direct hydrometallurgical recovery of zinc from EAF dusts. Halli et. al

(2017) compared different lixiviants to selectively leach zinc from EAF dust. With 1.2 M

HCl and 10% aqua regia >75% yield of zinc to solution was achieved while recovery of

iron remained low (<5%). In addition, 0.94 M citric acid and 1.5 M HNO3 resulted in
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high zinc recoveries (>75%) but more iron (15–17%) ended in solutions. Sulfuric acid,

that is usually utilized in zinc leaching, does not provide selectivity as significant amounts

of iron ends in solution.

Maruskinova et. al (2014) managed to produce high-purity (99.99 wt-%) zinc from EAF

dust by two step sulfuric acid leaching, and conventional precipitation, cementation, and

electrowinning methods. Montenegro et. al (2013a) proposed two step atmospheric

leaching followed by a pressure leaching step to recover 99% of zinc from dust. Youcai

et. al (2000) fused hydrolyzed EAF dust with caustic soda at 350 °C to reach 96% zinc

recovery, meanwhile iron, copper and cadmium remained in the residue. Dissolved lead

was precipitated by sodium sulfide before zinc electrowinning from alkaline solution.

Halli et. al (2018) proposed roasting of EAF dust with NaOH at 450 °C to decompose

zinc ferrite, followed by citric acid leaching under O2 purging to yield 100% of zinc to

solution while iron remained in the residue. A drawback of these novel

hydrometallurgical recovery methods is the capital expenditure needed for the facilities

instead of utilizing already existing primary zinc production facilities.

2.3 Hydrometallurgical processing of zinc

Primary production of zinc in Electrolytic smelters includes four main stages: roasting,

leaching, solution purification and electrowinning (Free, 2014). In the roasting stage, zinc

containing sphalerite is oxidized at a high temperature and SO2-gas is formed, and this

gas is collected for subsequent use in sulfuric acid production. As an alternative, roasting

can be substituted by direct leaching, a process where the zinc concentrate is leached

under oxidizing conditions within an atmospheric reactor set-up. The choice of

production method between a roasting or direct leaching approach is critically dependent

on the state of the sulfuric acid market as this has a major influence on the overall

economics (Svens, 2003). Figure 4 shows a block flow diagram of conventional zinc

process.
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Figure 4. A block diagram of conventional Electrolytic zinc process. (Free, 2014).

Leaching

The calcine leaching stage includes three main steps: neutral leaching, acid leaching and

hot acid leaching, as shown in Figure 5. Initially, calcine material is fed into the neutral

leaching process to dissolve the zinc and the resulting solution is neutralized. Typically,

neutral leaching is performed using a multiple tank configuration at a temperature

between 65–80 °C. Equation 1 shows the leaching reaction of zinc oxide.

ZnO(s)+H2SO4(aq)→ZnSO4(aq)+ H2O(aq) (1)

Once neutralized, the final solution has a pH between 4 and 5, which results in iron

precipitation (Svens, 2003) and additional flocculants are utilized to further enhance the

thickening of any insoluble material present (Free, 2014). This thickened slurry continues

to the acid leaching step, whereas the associated impure liquid is diverted for solution

purification. During acid leaching, the remaining ZnO is dissolved in a solution with

pH = 1.0 to 1.5, heated to a temperature above 80 °C. In addition, MnO2 sludge obtained

from electrowinning is circulated back to this stage in order to oxidize the iron present

from the ferrous (Fe2+) to ferric (Fe3+) state (Free, 2014).

The purpose of the final hot acid leaching is to liberate zinc from the ferrite materials

present. Typically, the calcine contains about 90% of zinc as oxides and remainder is in
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the form of ferrites (Free, 2014). Temperature in hot acid leaching is almost 100 °C and

the acid concentration used is between 30 and 60 g/l. Additionally, spent electrolyte from

electrolysis is circulated to the hot acid leaching step in order to maintain acidity levels

(Svens, 2003). Equation 2 shows the leaching reaction of zinc ferrite.

ZnO*Fe2O3(s)+4H2SO4(aq)→Fe2(SO4)3(aq)+ZnSO4(aq)+4H2O(aq) (2)

Iron can be removed from the solution by precipitation as either jarosite, goethite or

hematite (Free, 2013; Svens, 2012). For example, ammonia additions into solution causes

the iron to precipitate in the form of jarosite (Equation 3). This jarosite precipitation

process also forms sulfuric acid, which in turn, decreases the acid requirement for the zinc

ferrite leaching.

3Fe2(SO4)3(aq)+(NH4)2SO4(aq)+12H2O(aq)

   →2NH4[Fe3(SO4)2(OH)6](s)+6H2SO4(aq) (3)

Jarosite typically comprises of 20–30 wt-% iron and 4–6 wt-% zinc along with lead and

minor amounts of valuable metals such as silver, indium, gallium, and germanium (Svens,

2012). Once precipitated, jarosite is pumped to tailings ponds and the zinc-rich solution

is returned to neutral leaching.
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Figure 5. A block diagram of zinc calcine leaching process. (Free, 2014).

In direct leaching, metal sulfides of zinc concentrate are leached in 10 to 40 g/l sulfuric

acid at 100 °C under oxidizing conditions (Svens, 2003). The reaction of sulfides occurs

as ferric iron oxidizes the sulfide to sulfur, whilst being reduced to ferrous iron (Eq. 4).

Fe2(SO4)3(aq)+MeS(s)→2FeSO4(aq)+MeSO4(aq)+S(s)
° (4)

Me = Zn, Fe, Pb, Cu, Cd, Ca…

Ferrous iron is then oxidized back to the ferric form by oxygen (Eq. 5):

2FeSO4(aq)+H2SO4(aq)+
1
2

O2(g)→Fe2(SO4)3(aq)+H2O(aq) (5)

The overall reaction of direct leaching is outlined in Equation 6.

MeS(s)+H2SO4(aq)+
1
2

O2(g)→MeSO4(aq)+H2O(aq)+S(s)
° (6)

Me = Zn, Fe, Pb, Cu, Cd, Ca…

The zinc containing solution obtained from the direct leaching is circulated back to the

neutral calcine leaching step. Produced elemental sulfur can be recovered by flotation.
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Solution purification

In the solution purification stage, zinc-rich solution is purified of the unwanted divalent

ions that are detrimental to electrowinning. Cementation of Cu, Co, Ni, and Cd impurities

is facilitated by metallic zinc powder and either antimony or arsenic oxide based on

solution purification process. For an effective cementation, a solution pH of approx. 4 is

required and a typical zinc refinery recycles 1–7% of the zinc produced for purification

process. (Free, 2014)

Cementation is carried out in three steps. In the first step, copper is removed from the

solution by addition of zinc powder at 50–60 °C (Krause, 2015; Raghavan, 1999). This

has the effect of lowering the copper concentration to about 100 mg/l and the filtered

copper cake can be sold to copper smelters (Svens, 2003). The reaction of copper

precipitation is as follows (Equation 7):

Cu(aq)
2+ +Zn(s)→Cu(s)+Zn(aq)

2+ (7)

In the second step, cobalt is removed from the solution along with the remaining copper

and nickel at a higher temperature (>80 °C) (Krause, 2015; Raghavan, 1999). As zinc

powder alone is unable to remove these elements due to unfavorable kinetics, activators

like antimony or arsenic compounds are added to increase the cementation effectiveness.

In addition, a small amount of copper sulphate can also be added to accelerate the kinetics

(Free, 2014). When arsenic is added to the process, cobalt, and nickel precipitate as

arsenides (Eq. 8 and 10), whereas copper partly precipitates as an arsenide (Eq. 9) and

partly as metallic copper. The precipitates are filtered and then washed in a slightly acidic

media to remove any zinc remnants. After that, the solids are filtered again, and arsenic

is removed in a caustic leach. The final filtration cake can be sent to a copper smelter for

further processing and the solution is fed to a hot acid leaching step where arsenic

precipitates along with jarosite. (Svens, 2003)

2Co(aq)
2+ +2As(aq)

3+ +5Zn(s)→2CoAs(s)+5Zn(aq)
2+ (8)

6Cu(aq)
2+ +2As(aq)

3+ +9Zn(s)→2Cu3As(s)+9Zn(aq)
2+ (9)
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2Ni(aq)
2+ +2As(aq)

3+ +5Zn(s)→2NiAs(s)+5Zn(aq)
2+ (10)

In the third purification step, cadmium is removed from the solution by a fluidized bed

system that contains zinc powder. Cadmium removal is generally carried out at 60–65 °C

in a series of consecutive reactors via precipitation (Equation 11) until the concentration

is below 0.1 mg/l (Krause, 2015; Svens, 2003). The filtered cake contains >80%

cadmium, which can be sold as a by-product (Free, 2014), although as use of cadmium is

banned by the EU RoHS directive, it has limited applications in Europe (Deubzer, 2016).

Nevertheless worldwide, for example in the United States, cadmium is utilized in alloys,

coatings, NiCd batteries, CdTe solar panels and pigments (USGS, 2020).

Cd(aq)
2+ +Zn(s)→Cd(s)+Zn(aq)

2+ (11)

The final purified solution has a zinc composition of 160 g/l and typically, the

concentration of detrimental metallic impurities <1 mg/l each.

Electrowinning

In the electrowinning stage, zinc is recovered onto aluminum cathodes from the mixture

of purified solution and spent electrolyte. A typical electrolyte composition is presented

in Table 1.
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Table 1. Compositions of neutral and spent electrolytes from the Kidd Creek zinc plant.

(Alfantazi, 2001).

Neutral Spent
H2SO4 g/l - 189.2

Zn 167.5 51.4
Mn 5.5 5.2
Mg - 5.1
Na - 2.5
Fe mg/l 7.0 5.9
Pb - 0.4
Cl - 58
F - 7.0

As <0.01 <0.01
Bi <0.01 <0.01
Sb <0.01 0.012
Cd <0.1 -
Co <0.1 -
Cu <0.1 -
Se <0.01 <0.01
Sn <0.01 <0.01

By application of a direct current to the electrowinning cells, zinc metal is reduced on the

Al cathode and oxygen gas is formed at the Pb-Ag anode. The cathodic and anodic

reactions with their standard electrode potentials (Haynes, 2014; Atkins, 1997) are

presented in Equations 12 and 13, whilst the overall reaction with the cell voltage is given

in Equation 14. Cathodic reaction takes place from left to right (oxidation) and anodic

reaction from right to left (reduction).

Cathode:  Zn(aq)
2+ +2e-→Zn(s) E° = −761.8 mV (12)

Anode: 1
2

O2(g)+2H(aq)
+ +2e-→ H2O(aq) E° = +1229.0 mV (13)

Overall:  Zn(aq)
2+ +H2O(aq)→Zn(s)+

1
2

O2(g)+2H(aq)
+ Ecell = −1990.8 mV (14)

Due to power losses in electrowinning tankhouse, the net cell voltage usually is

significantly higher at approximately 3400–3500 mV. The largest overvoltage (600 mV)
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results from the anodic reaction as the oxygen evolution is a highly irreversible and slow

reaction. Other overpotentials originate from the cathodic reaction (150 mV), the ohmic

potential drop in the electrolyte (400 mV) and the voltage loss in cell hardware due to

resistance (100 mV) (Asselin, 2009).

It is thermodynamically more favorable to form hydrogen gas at the cathode than reduce

zinc, but kinetic controls decrease the hydrogen evolution reaction rate, and the use of

high current densities preferentially drive zinc deposition. Typically, zinc electrowinning

operations are run at current densities between 400 and 600 A/m2 and have a 90–93%

current efficiency.

The impurity concentrations of which are minimized at the solution purification stage can

increase the hydrogen evolution due to a lowering of the hydrogen overpotential (Free,

2014). Impurities are often more noble than zinc and can co-deposit on the cathode along

with the zinc resulting redissolution of deposited Zn decreasing current efficiency

(Raghavan, 1999). Organic additives are utilized to improve the quality of the cathode

deposit by decreasing the formation of irregularities (Free, 2014). Animal glue or gelatin

have traditionally been utilized for the purpose due to better efficiency than several gums,

enzymes, or amino acids, for example (Kerby, 1977). In addition, ammonium bromides,

sodium lauryl sulfate, and arabic gum have shown good efficiencies in both acid mist

reduction and improving the cathode morphology (Dhak, 2010).

Lead from Pb-Ag anodes is a major impurity in the electrodeposited zinc due to corrosion

of the anodes. This degradation process is inhibited by the addition of manganese to the

electrolyte, which Mn deposits on the anode surface and inhibits lead corrosion. Over

time, these Mn-Pb oxides flake off from the surface to the bottom of the tank and the

resultant sludge can be recycled in the leaching circuit for oxidation purposes (Free,

2014).
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2.4 Leaching theory

During leaching, a soluble constituent is extracted from a solid by means of a suitable

solvent as outlined schematically in Figure 6. The leaching reaction is typically limited

either by the rate of the chemical reaction or the diffusion of reactants and it is generally

accepted that when an activation energy is >40 kJ/mol the reaction is controlled by

reaction rate, whereas when it is  <21 kJ/mol the reaction is diffusion controlled (Peng,

2017). Between these activation energies (21 and 40 kJ/mol) the controlling factor is a

combination of the two processes. Chemical reaction rates are affected by temperature,

reactant concentrations, solid-liquid ratio, particle size (or surface area) and pressure. In

contrast, the mass transfer of reactants or diffusion is primarily influenced by agitation

and particle size, although the formation of a product layer may also decrease diffusion,

therefore limiting some reactions.

In the case of zinc calcine leaching, it has been suggested that the dissolution of zinc is

controlled by a diffusion process, whilst the dissolution of iron is controlled by the rate

of chemical reaction. According to Peng et. al (2017), for zinc in calcine the activation

energy is 10.01 kJ/mol and for iron the activation energy is 51.40 kJ/mol. In practice,

extraction of iron from calcine is more temperature dependent than extraction of zinc. To

guarantee selectivity towards zinc, leaching in high acidity and at ambient temperature

was suggested.
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Figure 6. Schematic representation of the solid-liquid reaction system. (de Andrade

Lima, 2004).

Temperature

In a diffusion-controlled reaction, with a low Reynolds number and spherical particles,

the reaction rate is linearly dependent on the temperature. This can be described by the

Stokes-Einstein equation (Eq. 15):

D = kBT
6πηr

(15)

where D is the diffusion coefficient, kB is Boltzmann’s constant, T is the absolute

temperature, η is the viscosity of the medium and r is the radius of the spherical particle

(Seddon, 2015).

When the leaching is controlled by reaction rate, temperature dependency is exponential

and can be described by the Arrhenius equation (Eq. 16):

k = Ae
−Ea
RT (16)

where k is the rate constant, A is a pre-exponential frequency factor, Ea is the activation

energy, R is the gas constant and T is the absolute temperature (Laidler, 1984).
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The reaction is governed by Arrhenius kinetics if the natural logarithm of k plotted against

1/T gives a straight line (Whitworth, 2014). For several reactions that are rate-controlled,

the rule of doubling the reaction rate for every 10 °C increase in temperature can be

applied and Q10 is a common ratio of rate constants that are 10 °C apart (Connors, 1990).

For example, it has been shown that in direct leaching of zinc concentrate, the reaction

rate of sphalerite (ZnS) doubles as the temperature is increased from 90 °C to 100 °C

(Svens, 2012). In contrast, for diffusion-controlled reactions, the diffusion coefficient

doubles as the absolute temperature doubles and consequently, the temperature

dependency is much smaller.

Agitation speed

The purpose of agitation in leaching is to create a homogenous suspension that enables

an effective mass-transfer of reactants. The criterion for a complete suspension is fulfilled

when no particles remain on the bottom of the reactor for more than one second (Lee,

1997). Critical impeller speed (Njs) describes the stirring speed required to achieve a

complete suspension. Factors that have an influence on critical impeller speed are particle

size, type of impeller and air flow rate. For example, the larger the particle size and the

higher the air flow rate, the faster the required critical impeller speed. (Panneerselvam,

2008)

Generally, agitation improves the diffusion process by reducing the thickness of the

boundary layer (Moldoveanu, 2013). In addition, the agitation may also increase the rate

of particle collisions, potentially allowing the removal of any reaction-product layers

formed. Nevertheless, a too high agitation speed leads to a turbulent flow inside a reactor,

which is not desirable as it leads to mixing instabilities. The quality of fluid dynamics in

a stirred reactor can be described by the Reynolds number (Eq. 17): flow is fully laminar

if Re < 10; intermediary when 10 > Re < 10000, and turbulent when Re > 10000. In a

turbulent regime, the agitator shaft power can be calculated by Equation 18, which shows

that applied rotational speed has an exponential influence on the required power input.

Re = ρND2

µ
(17)
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where ρ is the density of the fluid (kg·m-3), N is the rotational speed (rps), D is the

diameter of the impeller (m) and µ is the dynamic viscosity of the fluid (kg·m−1·s−1)

(Bakker, 1997).

P = NPρN3D5 (18)

where P is the agitator shaft power (W) and Np is the power number (dimensionless)

(Ritasalo, 2019).

An increase in agitation speed increases energy costs without necessarily improving the

reaction rate. For example, Moosakazemi et. al (2019) observed no difference in leaching

efficiencies of tin and lead from ground printed circuit boards with 500 and 600 rpm. As

the reaction rate was lower with 400 rpm, it was suggested that 500 rpm agitation speed

was sufficient for the process investigated.

pH and Redox potential

pH is negative logarithm of activity of protons (H+) in the solution. If a material is soluble

in acid (like ZnO, Equation 1), a higher acid concentration and lower pH enhances the

leaching reaction rate. Yoshida (2003) verified this phenomenon by studying the leaching

kinetics of zinc oxide at three different pH levels that were kept constant throughout the

experiments. The results of this investigation demonstrated that the logarithmic leaching

rate increases linearly as pH decreases (Figure 7).
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Figure 7. Logarithmic leaching rate of ZnO in function of pH in HCl and H2SO4 media.

(Yoshida, 2003).

In zinc production, the neutral leaching (pH 4 to 5) step is utilized to selectively leach

zinc from zinc calcine. Zinc oxide dissolves at pH below 5.5, whereas most other metal

oxides in the calcine dissolve at higher acidity levels. Following weak acid leaching is

operated at pH = 1.0–1.5 to leach remaining ZnO while zinc ferrites remain in the residue

(Free, 2014). As acid is consumed and water produced as the leaching progresses, if no

extra acid is added incrementally to maintain pH during the leaching process, solution

acidity decreases (pH rises) and slows down the reaction rate.

The redox potential of a solution characterizes its capacity to reduce or oxidize a material

in the solution. Each species has its own specific redox potential that is determined from

a species capability to receive electrons and to be reduced. In a multi-metal system, the

redox potential is the sum of all the redox couples present when the concentration of the

metal fractions can influence the total redox potential. This fact can be exploited to

improve either the reductive or oxidative nature of the solution by addition of various

reagents.

Pourbaix diagrams —also known as EH-pH diagrams— can be used to illustrate the stable

phases within aqueous electrochemical systems in terms of redox potential and pH. Such
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a diagram indicates which species are thermodynamically most stable at a given redox

potential and pH. As Pourbaix diagrams are temperature, pressure, and concentration

dependent, any change to these parameters requires the data to be updated and the diagram

re-plotted. These types of diagrams are constructed according to standard potentials

(Eq. 19) and Nernst equation (Eq. 20).

E0 = − ∆G°

nF
(19)

where E0 is a standard cell potential (V), ∆G° is a standard Gibbs free energy change (J),

n is the number of transferred electrons and F is Faraday’s constant (96485 C·mol-1).

EH = E0 + RT
nF

ln {A}a{B}b

{C}c{D}d
(20)

where EH is the voltage potential (V) in respect to standard hydrogen electrode, R is a gas

constant (8.31 J mol-1 K-1), T is temperature (K), {A} and {B} are the concentrations of

reaction raw materials to the power of stoichiometric coefficients, and {C} and {B} are

the concentrations of reaction products to the power of stoichiometric coefficients

(Ciobanu, 2007).

Under standard conditions, Pourbaix diagrams are constructed based on room

temperature, atmospheric pressure, and concentrations of 10-6 M. For the Zn/Zn2+ system

in an aqueous medium the standard oxidation potential is 0.76 V and by use of the Nernst

equation, the system potential under non-standard conditions can be calculated. Figure 8

shows the combined Pourbaix diagram of Zn-H2O -system at 25 °C and 90 °C. The

diagram illustrates that at an elevated temperature a lower pH is needed to dissolve zinc.
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Figure 8. Pourbaix diagram of Zn-H2O -system at [Zn] = 0.45 M. The system at 25 °C is

colored black and the system at 90 °C is colored red. The water stability area is marked

with the dotted lines.

S/L ratio

The solid-liquid ratio describes how many grams of solids are present per one liter of a

solution. For example, if the reaction is limited by the diffusion of reactants, the lower

the S/L ratio, the higher extraction of metals is achieved as demonstrated previously for

Zn by Aydogan (2005), de Souza (2001) and Yang (2017). Figure 9 shows how increasing

liquid to solid ratio has a positive effect on Zn and Fe extraction from zinc calcine,

although leaching rate of Zn is not improved above 6 ml/g. In industrial scale, suitable

S/L ratios are needed to maximize the dissolved metal contents in the solution and often

several reactors are operated in series to optimize the metal recovery and minimize the

risk of overflow solution.
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Figure 9. Zinc and iron extraction rates from zinc calcine at different liquid-solid ratios.

(Yang, 2017).

Concentration of reactants

The concentration of reactants has a major influence on leaching reactions that are

controlled by the reaction rate. Equation 21 shows the reaction rate as a function of the

rate constant and the concentrations of reactants A and B.

Rrxn = kCA
vACB

vB (21)

where Rrxn is the rate of the reaction, k is the rate constant, C is the concentration of

reactant (A or B) and v is the stoichiometric coefficient of reactant (A or B) (Free, 2014).

For bimolecular reactions that are diffusion-controlled Fick’s second law of diffusion

needs to be applied. This law predicts how the concentration changes due to diffusion

with respect to time, and a modified version of the law is presented in Equation 22:

dC
dt

= 4πRrxD[B][A] (22)

where dC is the change of concentration, dt is the change of time, Rrx is a reaction distance,

D is diffusion coefficient and [B] and [A] are concentrations of reactants (Schmitz, 2017).
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Muzenda et. al (2011) showed that both the increasing acid concentration and the

increasing Zn2+ concentration present in the solution accelerate the leaching rate of zinc

from calcine. The latter can be explained by exothermic reactions that produce heat which

enhances zinc oxide dissolution. Too high concentration of acid (or base) increases

viscosity of the solution that can reduce diffusion rate of ions thus reducing zinc recovery

(Jarupisitthorn, 2003).

Particle size

Particle size also has an influence on the reaction rates of leaching reactions. A smaller

particle size means a larger total surface area of reactants, which enables more collisions

and therefore more reactions. Equation 23 shows how a decrease in a particle size

increases the leached fraction of solids in reaction-controlled leaching.

1− (1 − α)
1
3 = kCt

r0ρ
(23)

where α is a leached fraction, k is the rate constant, C is the concentration of solvent, t is

the reaction time, r0 is the initial particle radius and ρ is the density of the particle (Mgaidi,

2004; Bertilsson, 2018).

In diffusion-controlled reactions, the effect of particle size is larger than in reaction-

controlled as the radius of the particle is raised to the power of two (Equation 24):

1− 2
3
α − (1 − α)

2
3 = 2MDCt

βρr02
(24)

where M is the molecular weight of leached material, D is the diffusion coefficient and β

is stoichiometric factor (Bertilsson, 2018).

Abdel-Aal (2000) managed to increase zinc recovery from 25% to 81% by decreasing the

particle size from 147–208 µm to 53–74 µm. Souza et. al (2007) enhanced zinc extraction

rate further by 7% with 38–45 µm particle size in comparison to 53–75 µm particles when

leaching zinc calcine. Sometimes the decrease in particle size does not contribute to

extraction rate as models predict. Massacci et. al (1998) studied sphalerite leaching
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characteristics by varying temperature, acid concentration, particle size and solid/liquid

ratio parameters. It was observed that occasionally d90 = 1000 µm particle size yielded

higher zinc recovery than d90 = 500 µm when other parameters were fixed. Within smaller

particles sizes (d90 = 500 µm vs. d90 = 180 µm) the decrease in particle size always resulted

in the higher zinc recovery, though not significantly (7.6 percentage points on average).

Authors explained that natural porosity of the material decreased the significance of

particle size on the zinc extraction.

2.5 Cementation theory

Cementation is a common technique used for the recovery of metals and solution

purification in the field of hydrometallurgy. It is an electrochemical-based method which

involves contact of the metal-containing leach solution with less noble or

sacrificing/displacing metals such as zinc, copper, or aluminum (Ku, 1992). The cathodic

deposition takes place on the surface of a sacrificial metal, which subsequently undergoes

anodic oxidation (Perez, 2019).

Cementation is widely applied on an industrial scale due to its simplicity and low cost.

For instance, the Merrill-Crowe cementation process is utilized to recover silver and gold

from cyanide leaching solution (Syed, 2016) and copper cementation from copper bearing

solutions by iron has been used in China since 1086 AD (Veit, 2015). In the case of zinc

electrolyte solution, copper, nickel, cobalt, and cadmium can all be removed using zinc

powder and this is widely applied on the industrial scale (Svens, 2003).

Cementation reagents

The selection between different sacrificing metals is done based on the metals that are

aimed to be cemented. In order to be a spontaneous reaction, the sacrificing metal must

be less noble (i.e. lower in the galvanic series) than the targeted metal. In addition, it is

also preferable to use a sacrificial metal that is already present in the solution to avoid

unnecessary contamination. Copper cementation with zinc (Eq. 27) is an example of a
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spontaneous reaction where zinc undergoes anodic oxidation (Eq. 25) and copper

cathodic deposition (Eq. 26).

Anode: Zn(aq)
2+ +2e-→Zn(s) E° = −761.8 mV (25)

Cathode: Cu(aq)
2+ +2e-→Cu(s) E° = +337.0 mV (26)

Overall:  Cu(aq)
2+ +Zn(s)→Cu(s)+Zn(aq)

2+ Ecell = +1098.8 mV (27)

In the solution purification step of zinc production, zinc powder is utilized as a sacrificial

metal and the related counter reaction is hydrogen gas evolution. Even though zinc is a

highly reactive metal, in general it does not possess a protective oxide or hydroxide layer

on its surface that might inhibit cementation processes. In fact, it has been shown that

even if pre-oxidized zinc is used for cementation, this has only a limited effect on the

cementation rate of copper in comparison to pure zinc, which suggests a difference in

oxide layer properties between zinc and metals like nickel or aluminum that are generally

poor sacrificial metals (Hope, 1977).

Lew (1994) reported that the mass transfer coefficient for zinc is smaller than that of

hydrogen, which results in a higher zinc concentration within the double layer close to

zinc particle when compared to the bulk solution. Figure 10 shows an example of

cementation of cobalt. The resulting charge imbalance and equilibrating anions restrict

the ions being deposited, in this case cobalt, from reaching the sacrificing zinc particles.
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Figure 10. Schematic picture of cementation of cobalt on a zinc particle and a double-

layer-phenomenon. (Karlsson, 2018).

Boyanov et. al (2004) studied cementation efficiencies of cobalt and nickel by varying

the amount of sacrificing zinc added to zinc sulfate solutions. The amounts were 10, 15

and 18 times of the stoichiometrically required quantity for precipitation of all the Cu,

Cd, Co, and Ni present. For cementation of cobalt the results were better as the quantity

increased, whereas in the case of nickel cementation, the recovery remained almost

constant for each quantity of zinc powder added.

In some instances, cementation is thermodynamically favorable but kinetic barriers

and/or formation of passivating layers hinder the process and decrease the feasibility. For

example, cobalt removal from zinc sulfate solution through cementation is slow even

though the associated equilibrium constant, Keq = 2 x 1016 and ∆G° is -93 kJ/mol at 25 °C

(Nelson, 2000). To speed up kinetics, salts referred as activators are utilized and these

generally comprise of either different arsenic and antimony compounds or copper. The

most utilized antimony salts are KSbC4H2O6∙1.5H2O, Sb2O3 and Na3SbS4∙9H2O

(Boyanov, 2004), whereas As2O3 is the most common arsenic compound.
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Luo et al. (2019) reported that the presence of antimony (Sb3+) ions increased the

cementation rate of tin on zinc powder significantly in alkaline conditions. The

cementation rate was tripled when Sb3+ concentration was increased from 0 to 200 mg/l.

In addition, highest level of tin recovery was with three times stoichiometric quantity of

zinc powder cf. tin concentration from solutions. Nevertheless, the quality of deposited

tin was reduced when compared to that achieved with a 2.6-fold stoichiometric quantity

of zinc - 98.5% vs. 81.9%.

Although the activation mechanism is complex and not fully understood, activator

efficiency can be linked to its hydrolysis constant. Nelson et. al (2000) studied novel

activators that could replace antimony in the cobalt removal step of zinc solution

purification. Correlation between cobalt removal activity and logarithmic hydrolysis

constants of the activators was found (Figure 11) and the results showed that tin was an

equally effective activator as antimony for the removal of cobalt.

Figure 11. Novel activators, antimony, and arsenic in function of cobalt removal activity

and log KOH. (Nelson, 2000).

Temperature

Of typical impurities in zinc sulfate solution copper, nickel and cadmium can be readily

cemented out at a temperature range of 50–60 °C with a reasonable quantity of zinc

(Raghavan, 1999), although cemented cadmium may re-dissolve when the solution is in

contact with air and the temperature is above 45 °C (Boyanov, 2004).
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Removal of cobalt is regarded as the most challenging as Co cements most efficiently at

a temperature range of 80–100 °C with the substantial amounts of excess zinc and in the

presence of activators as well as copper ions (Raghavan, 1999). Boyanov et al. (2004)

have reported that optimal Co cementation was achieved after 75 minutes at 80 °C with

a molar ratio n(Sb)/n(Co) between 0.5 and 2, whereas Karlsson et al. (2018) achieved the

highest Co recovery at 70 °C with a cobalt concentration to activators (Co:Cu:Sb) ratio

of 1:1:1.

pH

Acidity control of zinc sulfate solution has a major role in a cementation process as if the

pH in the zinc solution purification is too high, i.e. 5.0 or above, zinc sulfate starts to

crystallize and inhibit the cementation efficiency. Conversely, at lower pH (4.0 or below)

zinc powder consumption starts to increase (Raghavan, 1999) as some of this sacrificial

metal is consumed by hydrogen production due to high acidity (Karlsson, 2018).

2.6 Behavior of tin, bismuth, tellurium, and thallium in acidic

solutions

In this chapter, hydrometallurgical behavior of tin, bismuth, tellurium, and thallium is

presented via Pourbaix diagrams, leaching recoveries from secondary sources and

common electrochemical recovery methods with the focus on acidic solutions at elevated

temperatures. Combined Pourbaix diagrams have been constructed by HSC Chemistry

program for systems at both 25 °C and 90 °C at atmospheric pressure. Additionally, the

concentrations of species used is equal to input masses of the compounds applied in the

leaching experiments presented later in this thesis.

Tin in literature

Tin has two major oxidation states: Sn(IV) and Sn(II). Tin (IV) oxide (SnO2) or stannic

oxide, is a common tin compound that is insoluble in water, but as a result of its
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amphoteric nature it is soluble in both acidic and alkaline environments. Figure 12 shows

the corrosion behavior of tin under different pH conditions.

Figure 12. Tin corrosion behavior in aqueous media. (Zhang, 2011).

Figure 13 shows the Pourbaix diagram of the Sn-H2O -system. This further emphasizes

that tin is only soluble in highly acidic and alkaline conditions. The diagram illustrates

that less acidic conditions are needed to dissolve tin as Sn4+ at an elevated temperature in

comparison to room temperature.
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Figure 13. Pourbaix diagram of Sn-H2O -system at [Sn] = 7 mmol/l. The system at 25 °C

is colored black and the system at 90 °C is colored red.

Extraction of tin from SnO2 can be performed by two distinct methods under acidic

conditions. The first method is to leach SnO2 in a very strong acid to extract tin as Sn4+

(Eq. 28) —the tin Pourbaix diagram at 90 °C indicates that quadrivalent tin ion is the

dominant species at pH < -1 (Figure 13). Additionally, Figure 14 shows that a highly

acidic environment is required for tin to dissolve as quadrivalent ion, and dissolution

starts below pH 0.

SnO2(s)+4H(aq)
+ →Sn(aq)

4+ +2H2O(aq) (28)
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Figure 14. Distribution of Sn(IV) hydrolysis species as a function of pH at 298.15 K.

(Palazhchenko, 2012).

The second method is to leach SnO2 reductively in a strong acid by utilizing a suitable

reducing reagent in order to extract tin as Sn2+ (Eq. 29). Although, the formation

window for Sn2+ is very narrow at 90 °C (Figure 13), Figure 15 shows that tin may

already begin to dissolve as divalent ion at pH < 3.

SnO2(s)+4H(aq)
+ +2Red-→Sn(aq)

2+ +2H2O(aq)+2Ox (29)

In this case chromium, for example, is suitable for the reduction of SnO2 at 0 V and pH

below 0 as Cr3+/Cr2+ has a reducing potential of -0.42 V (Hong, 2015).
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Figure 15. Distribution of Sn(II) hydrolysis species as a function of pH at 298.15 K and

358.15 K. (Palazhchenko, 2012).

Tin is widely used in electronics as a solder material and in indium-tin oxide (ITO) films

from where it can be recycled by hydrometallurgical routes. As tin only dissolves in

highly acidic media, previous research has demonstrated that HCl is the most efficient

solvent for tin: Jha et. al (2012) reported 95.97% tin recovery from Pb-Sn solder with

5.5 M HCl, whereas with HNO3 and H2SO4 the recovery was negligible. Moosakazemi

et. al (2019) extracted about 80% of tin from waste printed circuit boards with 2 and

2.5 M HCl.

Due to the lower solubility of tin with H2SO4, Li et. al (2011) managed to selectively

leach indium from waste ITO films as extraction rate of tin remained <8% at 50–95 °C

with 0.5–2 M H2SO4. HNO3 is also a poor solvent for tin; Jeon et. al (2015) accomplished

selectivity towards bismuth extraction while leaching Bi-Sn solder material with 1 M

HNO3. More interestingly, kinetic study showed that at 30–70 °C tin first dissolved and

then suddenly precipitated as SnO2. At 90 °C no tin was detected in any sampling point

(Jeon, 2015).

Often the most efficient way to recover tin from an acidic solution is to increase the pH

of the solution from highly acidic to mildly acidic. As discussed previously in Section
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2.5.3, zinc cementation is a viable recovery method for acidic solutions when pH is 4–5,

due to the competition with hydrogen formation at lower pH. Due to low solubility of tin

in acidic media, it already starts to precipitate as hydrolyzed SnO2 below pH 1. Barakat

(1998) selectively recovered lead, tin, and indium from alloy wire scrap by leaching in

5 M HCl solution and then exploiting the distinct solubility differences between these

metal species. Firstly, lead was recovered as chloride precipitate and then pH was

increased through NaOH additions, which resulted in the initiation of tin precipitation

with recoveries of 73% (pH = 1), 85% (pH = 1.4) and 99.5% (pH = 2.4). Subsequent

further increases in the level of pH also allowed indium to be recovered via precipitation.

As highlighted previously, tin can be recovered from an alkaline solution by zinc

cementation. Luo et. al (2019) achieved over 99.5% tin recovery from a highly alkaline

solution (120 g/l NaOH) at a Zn/Sn molar ratio of 2.6 and in the presence of activators

(100 mg/l Sb3+) to give a cement-bound tin purity of 98.5%. On a laboratory scale, tin has

successfully been cemented from HCl solution by means of aluminum scrap with 99%

recovery (Hong, 2015).

In the industrial scale, tin has been recovered from both acidic and alkaline solutions by

electrowinning. For example, in New Brunswick, Canada, 99.9% pure tin is produced by

first reductively roasting Sn(IV) to Sn(II), then leaching the Sn calcine by sulfuric acid

and finally depositing Sn from the solution on steel cathodes. (Hong, 2015)

Bismuth in literature

Most common oxidation state of bismuth is Bi(III) and in zinc electrowinning, bismuth

completely modifies the morphology of zinc deposition at both low and high

concentrations (Maja, 1982). The presence of bismuth in zinc electrowinning can result

not only from the use of secondary raw materials but also from the lead anodes as Bi can

be used as an alloying element. Lead anodes alloyed with bismuth have decreased anode

slime formation, enhanced corrosion resistance, and lowered anodic potentials.

Moreover, the detrimental effect of bismuth can be controlled by the addition of organic

additives like polymer-based aniline or xylenol orange (Valchanova, 2011).
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Bismuth is soluble in both acidic and alkaline media and the Pourbaix diagram of bismuth

(Figure 16) shows that at an elevated temperature BiOH2+ cation is the most stable

aqueous species within 1 < pH < 2 while Bi3+ is the most stable below pH 1.

Figure 16. Pourbaix diagram of Bi-H2O -system at [Bi] = 2 mmol/l. The system at 25 °C

is colored black and the system at 90 °C is colored red.

As highlighted in Section 2.6.1, bismuth can be selectively leached from Bi-Sn solder

with 1 M HNO3. Jeon et. al (2015) showed that temperature dependency on the extraction

rate is also very low between 30 and 90 °C. Gutknecht et. al (2015) reported 80%

extraction of bismuth from metal oxide varistors (MOV) with H2SO4 at pH 1. At pH levels

of 3 and 5 only minor amounts of bismuth co-leached with the zinc which is also

predictable from the Bi-H2O -system Pourbaix diagram (Figure 16).

The leaching efficiency of bismuth can be enhanced by addition of NaCl salt to sulfuric

acid. In a diluted sulfuric acid, bismuth oxide tends to precipitate as basic bismuth sulfate

(Equation 30).

Bi2O3(s)+3H2SO4(aq)→Bi2(SO4)3(s)+3H2O(aq) (30)
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The addition of NaCl results in dissolution of bismuth sulfate as chloride (Eq. 31) and

this also explains why bismuth tends to dissolve more efficiently in HCl than H2SO4.

Bi2(SO4)3(s)+6NaCl(aq)→2BiCl3(aq)+3Na2SO4(aq) (31)

Ha et. al (2015) have studied the leaching behavior of bismuth from copper converter

dust with constant NaCl concentration (60 g/l) and temperature (70 °C) under different

acidic conditions. Their results showed that both the reaction rate and level of bismuth

extraction increased as the acidity of the solution was increased (Figure 17). Furthermore,

higher concentrations of NaCl at a fixed H2SO4 molarity does not result in any

improvement in the level of the bismuth recovery.

Figure 17. Bismuth leaching efficiency at different sulfuric acid concentrations in the

presence of NaCl. (Ha, 2015).

From acidic solutions bismuth can be recovered by cementation with iron or copper, for

example. However, the presence of antimony or arsenic may inhibit the process. Chen et.

al (2012) cemented bismuth by iron (Eq. 32) from a mixed HNO3:NaCl solution that was

purified from arsenic and antimony. At pH 0 bismuth recovery of 90% and purity of

90.5 wt-% was reached. In contrast, Shen et. al (2019) proposed bismuth cementation

from HCl solution with copper powder (Eq. 33) and the bismuth recovery obtained was

99% under optimum conditions (6 M HCl solution at 60 °C with Cu/Bi3+ molar ratio of

4). Nevertheless, the purity of the cement-bound bismuth was compromised due to the
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presence of arsenic and antimony, which have more positive reduction potentials than

bismuth.

2Bi(aq)
3+ +3Fe(s)

0 →2Bi(s)
0 +3Fe(aq)

2+ Ecell = +748.0 mV (32)

Bi(aq)
3+ +3Cu(s)

0 →Bi(s)
0 +3Cu(aq)

+ Ecell = −212.0 mV (33)

Bismuth, antimony, and arsenic are associated with each other in copper electrorefining.

There part of the species ends in primitive anode slimes while another part remains

suspended in the electrolyte as floating slimes compromising cathode quality. The

composition of slimes may include bismuth and antimony arsenates, arsenato antimonic

acid and more complex mixtures of these three metals (Hiskey, 2012). It has been shown

that the presence of cuprous ions catalyzes the oxidation of antimony and arsenic to their

pentavalent forms which is a critical step in the formation of floating slimes (Livshits,

1954).

From industrial copper electrolyte bismuth, antimony, and iron can be removed together

by several methods including electrolysis, stannic acid, and chelating resin (Nagai, 1985).

In addition, bismuth can also be recovered from acidic solutions by solvent extraction and

solid phase extractant impregnated resins (EIR). Sarkar (1999) and Iyer (2003) have

studied selective recovery of antimony and bismuth from acidic solutions with Cyanex

(acidic thiophosphono compounds) diluted in an organic phase. It was found that Cyanex-

302 in toluene was highly selective towards antimony and bismuth, whereas commonly

associated metals Sn, Pb, Tl, Cu and Ni remained unextracted. Under optimum conditions

recovery rates above 98% were achieved for both bismuth and antimony (Sarkar, 1999).

Further research with Cyanex-925 by Iyer (2003) showed even better results as under

optimum conditions recovery rates above 99.5% were achieved for antimony in xylene

and bismuth in toluene. Extractant impregnated resins (EIR) have also shown promising

results for bismuth recovery from HCl solutions as they can yield almost 100% bismuth

extraction and have been determined to selective towards bismuth in the presence of

copper and nickel, however, the presence of zinc slightly decreases the bismuth sorption

efficiency. (Campos, 2008; Navarro, 2014)
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Tellurium in literature

Tellurium occurs mainly in three oxidation states, Te(-II), Te(IV) and Te(VI), in telluride,

tellurite and tellurate, respectively (Marczenko, 2000). Tellurium is an extremely

detrimental element in zinc electrolysis as it reduces current efficiency at concentrations

up to 2 mg/l, whereas in contrast, copper, nickel and cobalt are all detrimental at

concentrations of ~5 mg/l. Addition of organic additives, such as glue, improve the

morphology of the deposits in the electrolysis, although the presence of glue has no

noticeable effect on bismuth or tellurium even if positive results have been shown for

antimony and germanium. (Asselin, 2009)

Figure 18 shows Pourbaix diagram of tellurium. The diagram suggests that tellurium is

soluble under alkaline conditions and acidic when the oxidation potential is high enough.

According to the diagram, solubility of tellurium at acidic conditions is hardly dependent

on temperature. In addition to the dominant species presented in Pourbaix diagram, some

of tellurium oxidizes as Te4+ ions at pH < 0. In the pH range between 0 to 0.8, HTeO2
+

ions can be formed, whereas at higher pH (0.8–1.8) either HTeO2
+ ions and tellurous acid

(H2TeO3) are present or H2TeO3 (pH > 1.8) predominate. (Rudnik, 2011)



43

Figure 18. Pourbaix diagram of Te-H2O -system at 90 °C and [Te] = 3 mmol/l. The

system at 25 °C is colored black and the system at 90 °C is colored red.

Tellurium occurs as tellurides in copper anode slimes and several recovery methods for

tellurium and other valuable metals from slimes include sulfuric acid leaching (Wang,

2011). Hait et. al (2002) have studied the effect of additives on metals recovery from an

anode slime. Initially, 20% H2SO4 was used to leach anode slime and the recovery of

tellurium remained around 10% at all temperatures investigated between 30 and 80 °C,

whereas subsequent experiments with an addition of MnO2 resulted in a considerably

higher Te recovery of 66%. This improvement in the recovery can be explained by the

reduction of MnO2, which results in the oxidation of tellurium —as well as other slime

metals— and as Figure 18 shows, solid TeO oxidizes to aqueous tellurous acid (H2TeO3

or H6TeO6) in acidic media as the redox potential increases.

Ma et. al (2015) compared conventional sulfuric acid leaching and microwave-assisted

leaching for the recovery of tellurium from a copper anode slime with H2O2 added as an

oxidation reagent. Tellurium extraction by the conventional method reached 70% after 40

minutes at 95 °C in 1.5 M H2SO4 medium. In contrast, under the same conditions,
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microwave-assisted leaching resulted in over 98% tellurium extraction in only 10 minutes

with a microwave power of 670 W. Unlike conventional leaching where the reaction

product can inhibit the surface reaction, microwave-assisted leaching induces a

temperature gradient and superheating at the solid-liquid interface, which reduces the

diffusion-limiting effect enhancing Te recoveries.

In the case of copper sulfate solutions, tellurium can be cemented as copper telluride

(Cu2Te) by the presence of excess copper, a sulfuric acid concentration of ≥50 g/l and a

temperature close to 100 °C (Cooper, 1979). For example, Mokmeli et al. (2014) required

a ratio of 10:1 cuprous ions per Te(VI) ion to generate cuprous telluride at 95.1 °C with

a 50 g/l sulfuric acid concentration. Precipitation reactions of quadrivalent and hexavalent

aqueous tellurium are shown in Equations 34 and 35, respectively.

H2TeO3(aq)+4Cu(s)+2H2SO4(aq)→Cu2Te(s)+2CuSO4(aq)+3H2O(aq) (34)

H6TeO6(aq)+5Cu(s)+3H2SO4(aq)→Cu2Te(s)+3CuSO4(aq)+6H2O(aq) (35)

Tellurium recovery from tellurium-rich acid solutions is conventionally done by SO2 gas

that acts as a reductant. Injection of the gas to the heated solution (90 °C) produces

sulfuric acid and elemental tellurium according to Equations 36 and 37 depending on

aqueous form of tellurium. (Robles-Vega, 2009)

H2TeO3(aq)+2SO2(g)+H2O(aq)→Te(s)+2H2SO4(aq) (36)

H6TeO6(aq)+3SO2(g)→Te(s)+3H2SO4(aq) (37)

Tellurium recovery from alkaline leach liquor by electrowinning has also been the subject

of research (Rhee, 1999; Ha, 2000). Alkaline leaching was carried out to selectively leach

tellurium from cemented Cu2Te and co-leached impurities, mainly Cu, Pb, Se, As and Sb,

were minimized by use of Na2S precipitation. During the subsequent electrowinning, a

tellurium grade of 99.95% was obtained, although the total recovery of tellurium was only

about 50%. Electrowinning (EW) of tellurium is an advantageous recovery method when

the concentration of tellurium in solution is >300 ppm because at lower concentrations
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the deposition efficiency decreases drastically. In this case, an alternative method based

on electrodeposition-redox replacement (EDRR) can be used, for example, Halli et al.

(2020) utilized EW followed by EDRR to maximize tellurium recovery —with  EW

>60 wt-% Te purity deposit was achieved, whereas a majority of the remaining tellurium

was recovered by EDRR.

Thallium in literature

Thallium has two major oxidation states, Tl+ aka thallous and Tl3+ aka thallic, of which

Tl+ is a more stable state. In zinc electrolysis thallium tends to co-deposit on zinc

cathodes, so the concentration is maintained <5 mg/l (Dutrizac, 1997). Pourbaix diagram

of thallium (Figure 19) shows that Tl+ is soluble in water, bases, and acids. In oxidizing

conditions thallium precipitates as trivalent Tl2O3.

Figure 19. Pourbaix diagram of Tl-H2O -system at 90 °C and [Tl] = 2 mmol/l. The system

at 25 °C is colored black and the system at 90 °C is colored red.
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Tl(I) has similar behavior to alkali metals in aqueous media and it dissolves mostly as

Tl+. Relatively high Cl- or SO4
2- concentrations need to be present to Tl+ form dominant

complexes (Figure 20).

Figure 20. Distribution of Tl+ hydrolysis species as a function of pH in the presence Cl-

and SO4
2- ions. (Hooda, 2010).

In contrast to Tl+, Tl3+ forms strong complexes with OH- and Cl- anions and has slightly

weaker interactions with SO4
2- even at low concentrations (Figure 21) (Hooda, 2010).

Tl3+ dissolves in acids as hydroxides at pH < 3 and as Tl3+ only in strong acids (Jibiki,

1995).

Figure 21. Distribution of Tl3+ hydrolysis species as a function of pH in aqueous media

(left) and in the presence of Cl- and SO4
2- ions (right) (Hooda, 2010).
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In zinc processes, thallium dissolves from the zinc calcine and for example, more than

80% of the dissolved thallium precipitates in the presence of ammonium jarosite due to

thallous substitution of the alkali ions. Sodium jarosite can also be utilized for thallium

precipitation, however, the most stable solid mixtures are formed with potassium jarosite

(Dutrizac, 1997). The remainder of thallium can be removed from the electrolyte at

solution purification stages with copper, cobalt, nickel, and cadmium (Jibiki, 1995).

In addition to jarosite, thallium can be precipitated by converting Tl+ ions into Tl3+ ions.

Conventional oxidation agents utilized in thallium removal include potassium

permanganate, potassium dichromate and potassium chromate. Potassium permanganate

is not a feasible choice for highly ionic solutions as some other ions, such as manganese,

are precipitated before thallous ions. Potassium dichromate and potassium chromate are

more selective towards thallium, but the introduction of undesirable chromium and the

expense of such reagents are considerable drawbacks. Additionally, manganese dioxide

sludge retrieved from zinc electrowinning has been found to selectively oxidize and

precipitate thallium as Tl(OH)3 at wide pH and temperature ranges. (Jibiki, 1995)

MnO2 can be fed to the neutral leaching step and/or cadmium removal step as at low

concentrations thallium tends to follow cadmium. The thallium present in the resultant

CdSO4 solution can be subsequently removed as Tl(OH)3 (Jibiki, 1995). Alternatively,

cadmium and thallium can be jointly recovered from the solution to an organic phase by

solvent extraction. By varying the concentration of the oxidizing agent at the stripping

stage, cadmium can be removed from the organic phase selectively before thallium. After

stripping, both metals can be recovered by zinc cementation. (Abisheva, 2002)

2.7 Indium, gallium and germanium

This chapter introduces indium, gallium, and germanium —technology-critical metals

associated with zinc containing minerals. The current processing and market status of the

metals are evaluated based on the data of US Geological Survey and other literature.
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Crustal abundance

Indium, gallium, and germanium have only low natural abundances in the Earth’s crust

and most of the available resources are associated with sphalerite and bauxite minerals.

Indium is the 61st most abundant element with 49 ppb crustal abundance (Schulz, 2017)

and a majority of indium is produced as a byproduct of zinc processing due to its presence

in sphalerite mineral where the content varies between less than 1 ppm and 100 ppm

(USGS, 2020).

Gallium is the 34th most abundant element in Earth’s crust and most of it is produced from

bauxite where the average gallium content is approximately 50 ppm (Schulz, 2017).

Gallium is also found from sphalerite and can be produced from zinc-processing residues,

like indium, however, it is estimated that currently less than 10% of the gallium in bauxite

and zinc deposits has the potential to be recovered (USGS, 2020).

Germanium is the 50th most abundant element with 1.6 ppm content in Earth’s crust

(Schulz, 2017). Germanium is typically found in sulfide deposits - mainly sphalerite and

other zinc deposits - and produced as a byproduct of zinc. Concentrations of germanium

in sphalerite is typically a few hundred parts per million, although only 3% is currently

recovered globally (Schulz, 2017; USGS, 2020).

Economic importance

Most indium (ca. 65%) is consumed in the production of indium tin oxide (ITO) thin films

(Schulz, 2017), which find use in touchscreens and flat panel displays such as liquid

crystal displays (LCDs) due to their electrical conductivity and transparency (USGS,

2020). Other common applications for ITO films are solar cells and collectors, camera

lenses, special windows, mirrors, lamps, and organic light-emitting diodes (OLEDs)

(Kim, 1999), as well as heated windshields for automobiles and aircraft (Loganathan,

2016). Other applications of indium include alloys and solders (9%), semiconductor

materials for LEDs and laser diodes (also 9%) (Schulz, 2017). More recently, indium

phosphide (InP) lasers and receivers, that are utilized in new telecommunication
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networks, have driven the increasing demand for indium (USGS, 2020). The estimated

average free market price of indium was 210 $/kg in 2019—28% less than in 2018—and

the market price trend for the last five years is presented in Figure 22.

Figure 22. Free market prices of indium 2015–2019. The prices are based on 99.99%-

minimum purity indium stored in a Rotterdam warehouse. (USGS, 2020).

A majority of gallium is utilized in microelectronic components that contain either

gallium arsenide (GaAs) or gallium nitride (GaN) and for example, in the US, GaAS and

GaN electronic components make up 99% of the gallium consumption (Schulz, 2017).

GaAs is used to manufacture integrated circuits (ICs) and optoelectronic devices such as

laser diodes, LEDs, photodetectors, and solar cells. ICs alone are responsible for 73% of

gallium consumption in US (USGS, 2020). Additional, minor applications of gallium

include Galinstan thermometers (Surmann, 2005), nuclear weapon pits (Besmann, 1998)

and biomedical applications such as malaria medicine (Golberg, 1997). China is the world

leader in gallium production and even though they have reduced primary low-purity

(99.99%) gallium production, the average price has declined as current output still

exceeds global consumption (USGS, 2020). Recent changes in the price of low- and high-

purity gallium is shown in Figure 23.
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Figure 23. Estimated 99.99%-low purity and 99.9999%-high purity gallium prices 2015–

2019. Prices are based on the average values of US imports. (USGS, 2020).

Pure germanium is primarily used in electronics and solar electric applications, which

covers about 15% of total consumption worldwide. A majority of germanium is utilized

in the form of germanium tetrachloride (GeCl4) in fiber-optic cables production (30%)

and as germanium dioxide (GeO2) for infrared optics (25%) and polymerization catalysts

(25%) (Schulz, 2017). Minor applications of Ge include carboxyethyl germanium

sesquioxide or CEGS medicine for leukemia and lung cancer (Kaplan, 2004), capillary

microextraction and gas chromatography (Fang, 2007) and precious metal alloys such as

Argentium silver (Johns, 2007). Germanium-containing infrared optics were originally

only found in military equipment, but more recently they are being included more and

more in civilian applications, which has led to an increase in the demand for Ge.

Nevertheless, this demand has been offset by a slowdown in the implementation of 5G

cellular network technology in 2019, which reduced demand of fiber-optic cables and

associated germanium (USGS, 2020). The recent price change of minimum purity

germanium is shown in Figure 24.
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Figure 24. The average European prices for 99.999%-minimum purity germanium 2015–

2019. (USGS, 2020).

In conclusion, market trends of indium, gallium, and germanium have not changed

significantly in recent years. Most indium is still consumed in ITO thin film applications,

gallium in integrated circuits and germanium as compounds in fiber-optic cables and

infrared optics. Price of high purity gallium has almost doubled during the past five years,

which can be attributed to the reduction in gallium production within China. By contrast,

prices of indium and germanium have decreased, although germanium prices have been

expected to rise as the implementation of 5G technology progresses. China is the biggest

refiner of all three metals and is therefore has a substantial influence on the market

development through both production volumes and Geopolitics. Furthermore, it is also

too early to evaluate how the Covid-19 situation will effect on the electronics industry

and hence the ongoing demand for these metals.

Processing routes

In 2019, global refinery production —from both primary production and scrap refining—

of indium and germanium was 760 and 130 metric tons, respectively (USGS, 2020). Of

the consumed germanium approx. 30% is produced from recycled materials, that
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originate mainly new production scrap. In the case of gallium, global primary production

is ~320 tons globally (USGS, 2020), with 81 tons - or 23% of total production - of gallium

produced through scrap refining in 2012 (Schulz, 2017). New scrap recycling contributes

almost 100% of the recycling rates achieved for all three metals (In, Ga, Ge) as end-of-

life recycling rates are less than 1% according to the United Nations Environment

Programme report of 2011 (Graedel, 2011).

In zinc processes, indium, gallium, and germanium end up into jarosite and other zinc

residues. Conventionally jarosite and zinc residues have been treated in either in high

temperature (>1000 °C) fuming furnace or rotary kiln processes that oxidize the metals

present allowing for the recovery of 70–80% zinc, lead and indium (Liu, 2017). In

addition, the fly ash from the furnace can be leached such that germanium, indium and

gallium can be recovered from the solution by several leaching and precipitation steps.

Figure 25 shows a conventional process diagram for recovering In, Ga and Ge from zinc

residues.

Indium can be recovered by either cementation using zinc powder within pH 3–4,

precipitating it reductively within pH 3.0–4.5 with additions of zinc calcine and jarosite

roaster dust or alternatively, by solvent extraction (Li, 2015). Generally, for gallium

recovery more process steps are required to precipitate gallium as a hydroxide, which can

then be recovered by solvent extraction. Only 10% of worldwide gallium production

originates from zinc residues and the remaining 90% from Bayer liquor (Lu, 2017). In

contrast, germanium can be precipitated from the leach solution as hydroxide or sulfide

or with tannic acid. Once concentrated, the germanium is chlorinated to produce

germanium tetrachloride (GeCl4) that can be used for producing fiber-optic cables or

hydrolyzed and dried to produce germanium dioxide (GeO2). This germanium dioxide

can be subsequently reduced to germanium metal powder by means of either hydrogen or

carbon (Moskalyk, 2004).
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Figure 25. Schematic diagram of germanium, indium, and gallium recovery from zinc

residue at the Porto-Marghera zinc plant, Italy (Lu, 2017).

Pyrometallurgical treatment of jarosite and zinc residues followed by several leaching

and precipitation steps is often uneconomical and offers a very complicated recovery

method for In, Ga, and Ge. An alternative methodology, researched by Li X. et al. (2015)

and Li S. et al. (2006), involves direct solvent extraction by D2EHPA for the recovery of

indium and their results demonstrated that In extractions of >90% can be achieved. Along

with higher yields, direct solvent extraction also has the benefit of reducing the overall

number of processing, however, this method is unsuitable for zinc residues with low

indium concentrations. Nevertheless, Koleini et. al (2010) were able to enrich indium by

precipitation at pH 6 and followed this with further purification by solvent extraction to

obtain a 92% indium extraction rate.
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Kinoshita et. al (2004) studied gallium extraction from zinc residues by hydrochloric acid

leaching and solvent extraction with the help of a non-ionic polyoxyethylene nonyl

phenyl ether surfactants (PONPEs). After leaching, the solution was first treated with

ascorbic acid to remove iron before the PONPE was introduced. The PONPE ethylene

oxide units form complexes with various solutes, whilst the surfactant parts have a high

selectivity towards gallium —and gold. Results demonstrated that up to 70% of gallium

could be recovered with no other metal impurities detected in the final solution.
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II. Experimental

3 Materials and methods

3.1 Materials and chemicals

Two zinc containing metal oxide dust samples were examined in the thesis. Both dusts

are potential secondary sources of zinc and they are enriched in zinc and lead, Dust A

having a higher lead concentration and Dust B with higher zinc concentration. Elemental

compositions of the two dusts (A and B) are listed in Table 2.

Table 2. Elemental compositions of metal oxide dusts studied in this work.

Element Dust A (wt-%) Dust B (wt-%)
Al 0.54 0.26
As 3.9 2.2
Ca 0.12 0.63
Fe 4.0 4.77
K 0.44 0.13

Mg 0.07 0.22
Mn 0.02 0.14
Na 0.57 0.25
Ni 0.09 <0.02
Pb 20.0 15.68
Sb 0.51 0.16
Se 0.014 <0.02
Si 1.3 0.52
Tl 0.021 <0.02
Zn 20.9 39.11

Tin, bismuth and tellurium oxides and tin sulfate were added to each dust in order to

simulate the composition of a zinc containing secondary raw material and the related

specifications of the compounds are listed in Table 3.
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Table 3. Specifications of the solid compounds.

Chemicals CAS# Purity Producer
SnO2 13472-47-4 99.9% Sigma-Aldrich
Bi2O3 1304-76-3 99.99% VWR
TeO2 7446-07-3 99.995% Sigma-Aldrich

SnSO4 7488-55-3 >99% Sigma-Aldrich

All the acidic solutions were prepared from 95% sulfuric acid (VWR, Finland) and NaOH

solutions, that were used in titration, were prepared from ca. 97% NaOH pellets. In

addition, Methyl orange was utilized as an indicator in during the acid titration

experiments.

3.2 Equipment and experimental setup

Leaching and filtration equipment

A one-liter glass jacketed reactor was utilized for all the leaching experiments performed

and a stable temperature was provided by a thermostatic water bath (Aqualine AL 25,

Lauda, Germany). The set-up also included an overhead stirrer (VOS 16, VWR, Finland)

in order to create a complete suspension in solution and a glass lid was added to minimize

any evaporation during the leaching process. Air purging was performed through a glass

sinter.

Throughout the experiments, both pH (Multiparameter Meter edge®, Hanna Instruments,

USA) and Redox potential (Redox Au ORP electrode, Mettler Toledo, Germany) was

measured. The redox electrode was selected due to its stability at high temperatures (0–

100 °C) and under acidic conditions.

Filtration of solution samples was performed with syringe filters that had a 1.2 µm pore

size (Whatman, UK). After every leaching experiment, filtration of the pregnant leach

solution (PLS) was performed under vacuum using a Buchner funnel and a Whatman™

Grade 597 filter paper with a 4–7 µm pore size.



57

More details related to the equipment utilized are listed in Table 4 and Figure 26 shows

the experimental setup.

Table 4. List of equipment utilized in the laboratory experiments.

Purpose Equipment
Temperature control LAUDA Aqualine AL 25
Stirring VWR VOS 16
pH measurement HANNA Multiparameter Meter edge® (DO Kit)

HANNA pH/°C electrode edge®
Redox potential measurement Multimeter

Mettler Toledo Redox Au ORP electrode
Filtration of solution samples Whatman Puradisc FP 30 Cellulose Acetate

syringe filters
Filtration of final leach
solution

Whatman Grade 597 filter paper

Figure 26. Experimental setup used for the leaching experiments.

Analysis equipment

Inductively coupled plasma - optical emission spectroscopy (ICP-OES) was utilized for

the solution sample analysis. ICP-OES produces excited atoms and ions that emit
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electromagnetic radiation at wavelengths that are characteristic of a particular element -

the equipment itself can measure 75 different elements. Excitation occurs when a small

part of a sample is exposed to an argon plasma flame with a temperature of 8000 °C, this

results in molecular decomposition that produces ions and excited electrons. Both

aqueous and organic solution samples can be analyzed by ICP-OES, although halogens

are challenging due to difficulties with excitation and related low wavelengths.

There are three kinds of spectral interferences that might interfere with the analysis:

background shifts that originate from the matrix, interferences from other elements with

similar excitation energies in the sample, and direct spectral overlaps that result from

wavelengths too close to be resolved. Nonetheless, ICP-OES has a wide linear dynamic

range, high matrix tolerance and the speed of analysis that provide some advantage over

other analysis equipment like ICP-MS or AAS.

Determination of zinc concentration in solution was carried out with atomic absorption

spectroscopy (AAS). Solution samples are fed into the equipment and compounds are

atomized by either air-acetylene flame at 2300 °C or N2O-acetylene flame at 2700 °C.

These gaseous atoms, when formed, absorb electromagnetic radiation at a specific

wavelength to produce a measurable signal that is proportional to the concentration

absorbing atoms present. Elemental analysis of about 70 elements is possible by AAS.

3.3 Experimental design

In the beginning of the experimental work, some preliminary leaching experiments were

carried out to test the equipment. These tests also allowed a suitable stirring speed for

leaching experiments and the wash water volume required for filtration of the final

solution to be determined.

The first set of leaching experiments included six experiments in total. Weak acid

leaching (WAL), hot acid leaching (HAL) and pH sweep leaching were carried out for

both dusts mixed with tin, bismuth, and tellurium oxides. Weak acid leaching experiments



59

were carried out at 90 °C in 5.0 g/l H2SO4 (pH 1.3), where the acidity of the solution was

maintained at the desired level by means of pH measuring and acid additions. Hot acid

leaching experiments were performed at 95 °C in 100 g/l H2SO4, and no further acid was

added during the experiments. In the pH sweep experiments, the acidity of the solution

was increased stepwise during the leaching. The acidity levels chosen were neutral, pH 4,

pH 1, pH 0.5 (30 g/l), pH 0.2 (60 g/l), and pH -0.1 (120 g/l), and the leaching was run at

each acidity level for 15 minutes. After 15 minutes, sampling was performed, and acidity

of solution was increased to next level and maintained for another 15 minutes. All pH

sweep experiments were performed at 90 °C.

In Table 5, the leaching experiments undertaken, and the associated variables are listed.

The experiments are labelled so that the second letter (A or B) refers to dust utilized in an

experiment and the first number (1–3) refers to the type of an experiment (weak acid, hot

acid, or pH sweep). The second number (1 or 2) describes the tin species (Sn(IV)O2 or

Sn(II)SO4, respectively) utilized in the experiment.

Table 5. Leaching experiments LA1.1–LA3.1 and LB1.1–LB3.1 (LA1 or LB1 = weak

acid, LA2 or LB2 = hot acid, LA3 or LB3 = pH sweep).

Dust Temperature
(°C)

Acidity
(g/l H2SO4, pH)

Tin
species

Time
(min)

LA1.1 A 90 5.0 (pH 1.3) SnO2 60
LA2.1 A 95 100 (pH 0.0) SnO2 60
LA3.1 A 90 0 → 120 (pH -0.1) SnO2 90
LB1.1 B 90 5.0 (pH 1.3) SnO2 60
LB2.1 B 95 100 (pH 0.0) SnO2 60
LB3.1 B 90 0 → 120 (pH -0.1) SnO2 90

To further study the behavior of tin in sulfuric acid media, five more leaching experiments

were conducted with divalent tin. The experiments and related variables are presented in

Table 6. The solids included Dust A or B, SnSO4, Bi2O3, and TeO2 in every experiment.
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Table 6. Leaching experiments LA2.2-LA3.2 and LB1.2-LB3.2.

Dust Temperature
(°C)

Acidity
(g/l H2SO4, pH)

Tin
species

Time
(min)

LA2.2 A 95 100 (pH 0.0) SnSO4 60
LA3.2 A 90 0 → 120 (pH -0.1) SnSO4 90
LB1.2 B 90 5.0 (pH 1.3) SnSO4 60
LB2.2 B 95 100 (pH 0.0) SnSO4 60
LB3.2 B 90 0 → 120 (pH -0.1) SnSO4 90

Effect of air purging on the leaching efficiency was studied with both dusts. Additionally,

smaller scale leaching experiments were conducted with both tin species, Bi2O3, and TeO2

in the absence of dust. The experiments and related variables are listed in Table 7.

Table 7. Leaching experiments with air purging.

Dust Temperature
(°C)

Acidity
(g/l H2SO4, pH)

Tin
species

Time
(min)

Air purge
(l/min)

LA3.3 A 90 0 → 120 (pH -0.1) SnO2 90 3.0
LB3.3 B 90 0 → 120 (pH -0.1) SnO2 90 3.0

LSn(IV) - 80 0 → 120 (pH -0.1) SnO2 90 0.5
LSn(II) - 80 0 → 120 (pH -0.1) SnSO4 90 0.5

3.4 Procedure

Elemental analysis

Elemental compositions of Dusts A and B were determined by means of aqua regia

leaching. Solution samples from totally dissolved dusts were analyzed by ICP-OES and

AAS equipment to ascertain the compositions. The results were later utilized in leaching

efficiency calculations of different metals. The compositions of leaching residues were

determined by similar methods.
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Leaching

Sulfuric acid solutions were prepared by a two-step process: Firstly, a batch of an

intermediate 10 M sulfuric acid solution was prepared from 95% concentrated acid. Then

the intermediate acid was further diluted to the desired acidity level. All preparations of

the acids were done with caution - by pouring acid into water (not vice versa) - to avoid

intense exothermic reactions. In addition, the 10 M sulfuric acid was also utilized

throughout the leaching experiments to maintain acidity level during leaching.

For the constant acidity experiments (LA1–LA2 and LB1–LB2) the solid/liquid (S/L)

ratio was 100 g/l and the batch size 800 ml. In the pH sweep experiments (LA3 and LB3)

an initial batch volume of 700 ml was used in order to allow for the increase in volume

that occurred during the experiments. Of the 80 g solids, 1 wt-% was tin (IV) oxide or tin

(II) sulfate, 0.5 wt-% bismuth (III) oxide, 0.5 wt-% tellurium dioxide and the remaining

78.4 grams mixed metal oxide dust (A or B).

The solids were poured into the reactor, which was then mounted in the warm water bath.

After positioning of the cover and agitation shaft, stirring was set to 400 rpm and pre-

heated sulfuric acid was poured into the reactor. In the experiments that included air

purging, the valve was opened as soon as the acid was poured. Temperature, pH, and

redox potential were all monitored throughout the experiments. Furthermore, in the case

of weak acid leaching and pH sweep leaching, acidity of the solution was adjusted during

the experiments by additions of sulfuric acid.

The leaching experiments (LSn(IV) and LSn(II)) that were carried out in the absence of

dust had the initial volume of 100 ml with 100 g/l S/L-ratio. Solids included 9.0 grams of

either tin (IV) oxide or tin (II) sulfate, 0.5 grams bismuth (III) oxide and 0.5 grams

tellurium dioxide. Due to smaller scale, 100 ml water jacketed reactor with magnetic

stirring was utilized. Cooling of water during circulation limited the leaching temperature

to 80 °C.

Sampling was performed by means of a syringe with connected acid resistant tubing and

stirring was suspended during the sampling in order to prevent the tube from tangling in
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the agitation shaft. Once taken, all solution samples were immediately filtrated in order

to remove any solids that may have continued to leach and therefore affect the subsequent

results. Samples were taken at 2, 10, 20, 40 and 60 minutes in the constant acidity

experiments, whereas in the pH sweep experiments, sampling was performed once at each

acidity level i.e. at 15, 30, 45, 60, 75 and 90 minutes. The sample size was 10 ml and

following filtering, were subjected to ICP-OES analysis. In 100 ml experiments, smaller

samples (3 ml) were taken to analysis.

Filtration

Vacuum filtration was carried out immediately after leaching and as the reactor was still

hot, heat-proof gloves were used to pour the leach solution into the filter funnel. After the

separation of solids and PLS, the Buchner funnel including separated solids and filter

paper was transferred to another flask to allow for washing of the leaching residue. A

wash water volume of 250 ml was utilized, which was estimated to correspond to

approximately twice the volumes of the filter cakes originating from Dust A. For the filter

cakes of Dust B, 125 ml was estimated to be enough as the amounts of leaching residues

were considerably smaller.

After washing, the paper and the filter cake were placed on a watch glass and placed in

an oven set at 60 °C for 24 hours drying. The watch glass and the filter paper were

weighed beforehand to be able to determine the mass of the leaching residue. PLS was

stored to be later used in acid-base titration for determining final acidity of PLS and acid

consumption of the leaching.

Acid-base titration

Acid consumption of each leaching experiment was determined via acid-base titration of

the final PLS sample. As the initial acidities and extra acid increments were known, the

final acidities determined by titration allowed the acid consumption to be calculated via

Equation 38.

[H2SO4 initial] +∑[H2SO4 increment] − [H2SO4 final] = [H2SO4 consumption]  (38)
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Each PLS sample was titrated by a 1.03 M NaOH solution that was prepared from NaOH

pellets that were dissolved in water. The exact concentration of the NaOH solution was

determined by a separate acid titration experiment.

Determination of final PLS acidities were performed in reverse order. The NaOH solution

was poured into 50 ml burette and a PLS sample was set on a heating-stirring plate. A

small magnetic stirrer was placed into PLS sample beaker and five droplets of methyl

orange indicator were added to the solution. A stirring speed of 500 rpm was applied, and

the titration was continued until the color of the indicator changed from red to yellow.

NaOH solution consumption was recorded in order to calculate the acidity of PLS. As

can be seen from equation (Eq. 39), two moles of NaOH are needed to neutralize one

mole of H2SO4.

H2SO4(aq)+2NaOH(aq)→Na2SO4(aq)+2H2O(aq) (39)
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4 Results

Leaching of zinc-containing dusts mixed with tin, bismuth and tellurium oxides were

conducted under two different conditions that represent weak acid leaching and hot acid

leaching steps of a traditional zinc leaching process. In addition, leaching experiments

where the acidity level of the solution was increased step by step throughout the

experiment were performed to get better understanding of the leaching properties of the

metals. Two different metal oxide dusts were examined so a set of three leaching

experiments was carried out for both dusts mixed with Sn, Bi and Te oxides. Additionally,

divalent tin was studied under the same conditions with both dust matrices.

4.1 Total yields and acid consumptions

Dust A had a significantly lower zinc content than Dust B (Chapter 3, Table 2) which

resulted in lower acid consumption and lower total yield in every leaching experiment

undertaken with Dust A. Zinc to lead mass ratio is about 1:1 in Dust A and 5:2 in Dust B.

Total yields with Dust A were ~35–40% depending on the leaching conditions whereas

with Dust B the yields were ~67–71%. Acid consumptions, total yields, and amounts of

wash water utilized in filtration are listed in Table 8.
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Table 8. Total leaching yields, wash water volumes and acid consumptions in leaching

experiments.

Dust A Acidity
(g/l H2SO4, pH)

Leaching
yield
(%)

Wash water /
residue (ml/g)

Acid consumption
(grams 100% H2SO4

/ liter solution)
LA1.1 5.0 (pH 1.3) 34.8 4.8 18.3
LA2.1 100 (pH 0.0) 35.1 4.8 21.7
LA2.2 100 (pH 0.0) 35.4 4.8 19.2
LA3.1 0 → 120 (pH -0.1) 32.4 4.6 -
LA3.2 0 → 120 (pH -0.1) 40.4 5.2 -
LA3.3 0 → 120 (pH -0.1) 37.4 5.0 -

Dust B
LB1.1 5.0 (pH 1.3) 67.4 4.8 41.7
LB1.2 5.0 (pH 1.3) 67.3 4.8 45.1
LB2.1 100 (pH 0.0) 71.2 5.4 42.9
LB2.2 100 (pH 0.0) 69.6 5.1 44.9
LB3.1 0 → 120 (pH -0.1) 69.2 5.1 -
LB3.2 0 → 120 (pH -0.1) 70.7 5.8 -
LB3.3 0 → 120 (pH -0.1) 67.6 4.8 -

4.2 Weak acid leaching

In the weak acid leaching (5.0 g/l H2SO4 (pH 1.3), 90 °C) experiments, no quadrivalent

or divalent tin was dissolved. Also, tellurium remained unextracted and extraction

percentage of bismuth was negligible (<0.8%) in every experiment under these

conditions. In addition, other elements that were found to remain in the residue after

leaching included silver, lead, and copper.

Zinc reached its highest extraction within 40 minutes from both Dust A and Dust B. From

Dust A the maximum recovery of zinc was about 74%, whereas from Dust B the recovery

was about 100%, which suggests that in Dust B almost all the zinc is present in the

oxidized form. Other species were found to be readily soluble under weak acid conditions

included cadmium, potassium, sodium, calcium, silica, and magnesium. Leaching rates

of arsenic, antimony, and iron were also found to increase significantly after 20 minutes
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of leaching. Measurement of the Redox potentials showed them to be oxidative

throughout the experiments and the potentials increased from ~200 mV to ~350 mV

during the experiments. Kinetic studies of Zn, Sb, As, and Fe are presented in Figure 27

and Figure 28. Final compositions of the PLS are presented in Table 9 and compositions

of leaching residues in Table 10. The solution sample analysis data can be seen in

Appendix A.

Figure 27. Kinetic study of Zn, Fe, Sb, and As extraction in weak acid leaching

(5.0 g/l H2SO4 (pH 1.3), 90 °C) of Dust A including the Redox potentials (vs. SHE).
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Figure 28. Kinetic study of Zn, Fe, Sb, and As extraction in weak acid leaching

(5.0 g/l H2SO4 (pH 1.3), 90 °C) of Dust B including the Redox potentials (vs. SHE).

Table 9. Compositions of pregnant leach solutions (PLS) achieved by the weak acid

leaching experiments.

LA1.1 LB1.1
Zn g/l 13.4 41.0
Ca 0.1 0.2
Na 0.4 0.3
K 0.4 0.2
Fe 1.0 0.5
As 6.7 1.6
Si 0.3 0.4

Mg mg/l 34 87
Sn <1 <1
Bi 4.2 <1
Te <1 <1
Sb 17 28
Pb 8 13
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Table 10. Compositions of leaching residues achieved by the weak acid leaching

experiments.

LA1.1 LB1.1
Zn wt-% 7.0 7.7
Ca <0.04 0.3
Na 0.1 0.1
K 0.1 0.1
Fe 4.0 7.4
As 1.7 0.9
Si 0.7 0.6

Mg <0.04 <0.04
Sn 0.5 2.2
Bi 0.9 1.0
Te 0.7 1.2
Sb 0.5 0.3
Pb 24.5 25.4

4.3 Hot acid leaching

In the hot acid leaching (100 g/l H2SO4 (pH 0.0), 95 °C) experiments, tellurium and

bismuth were found to dissolve in relatively significant amounts when compared that

achieved under weak acid conditions. Extraction rates of tellurium were found to vary

considerably - between 13.8% and 55.5% in four leaching experiments carried out.

Moreover, there does not seem to be a direct connection between the leached dust and

tellurium recovery. The kinetic study shows that leaching of tellurium tends to progress

for the whole 60 minutes of experimental time —in a similar way to iron— while many

other metals already reach their maximum recovery after 2 minutes under hot acid

leaching conditions.

Bismuth recoveries were also found to show a wide variation between 6.1% and 58.7%.

However, the observed differences in bismuth recoveries appear to be dependent on the

dust matrix it was mixed with. Less than 10% of bismuth was extracted when mixed with

Dust A, whereas in contrast, 42–59% was extracted when mixed with Dust B. The kinetic

study showed that the highest bismuth extraction rate (8%) was already reached after 2
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minutes of leaching with Dust A. Further analysis of the results shows that the leaching

behavior of bismuth has similarities with that of antimony, and this suggests the

possibility that these two elements undergo co-precipitation during the leaching process.

This hypothesis is supported by the fact that Dust A has a higher antimony concentration

than Dust B, which would reduce the levels of bismuth present in the PLS from Dust A

(and therefore detected by the solution analysis) when compared to Dust B.

Dissolution of quadrivalent tin was again negligible in this condition, however from the

leaching with Dust B, the concentration of tin was found to slightly exceed the detection

limit after 2 and 10 minutes, before the levels in solution were once again reduced due to

re-precipitation. In contrast, 9.2% of divalent tin was found to be dissolved within 2

minutes of hot acid leaching in the presence of Dust B, although this also subsequently

re-precipitated. Nevertheless, this re-precipitation process did not fully remove all the tin

from solution as approximately 0.7% of tin was found to remain in the PLS - equal to

4 mg/l. On the other hand, in the case of divalent tin mixed with Dust A, no tin was

detected in the solutions after leaching and the overall leaching behavior of tin under hot

acid leaching conditions are displayed in Figure 33.

Lead remained in leaching residues and the zinc recoveries were almost identical to weak

acid leaching. In addition, with hot acid leaching, the leaching rates of arsenic, antimony,

and iron were determined to be much faster at the beginning of the experiments. As can

be seen in Figure 29 and Figure 30, the measured redox potentials in the leaching

experiments with Dust A were quite stable as the oxidation potential only increased by

~15 mV between 2 and 60 minutes. For the leaching experiments with Dust B under the

same conditions (Figure 31 and Figure 32), the oxidation potential increases much more

noticeably (~80 mV), which indicates that more leaching reactions are occurring. No air

purging was included in hot acid leaching experiments. Kinetic studies of Zn, Sb, As, Fe,

Bi, Te, and Sn in hot acid leaching experiments are presented in Figures 29–32. Final

compositions of electrolytes produced are outlined in Table 11 and compositions of

leaching residues in Table 12. The solution sample analysis data from hot acid leaching

experiments is shown in Appendix B.
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Figure 29. Kinetic of Zn, Sb, As, Fe, Bi, and Te in hot acid leaching (100 g/l H2SO4 (pH

0.0), 95 °C) of Dust A and Sn(IV). No Sn was detected from the solution. Redox

potentials are presented vs. SHE.

Figure 30. Kinetic of Zn, Sb, As, Fe, Bi, and Te in hot acid leaching (100 g/l H2SO4 (pH

0.0), 95 °C) of Dust A and Sn(II). No Sn was detected from the solution. Redox potentials

are presented vs. SHE.
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Figure 31. Kinetic of Zn, Sb, As, Fe, Bi, Te, and Sn in hot acid leaching (100 g/l H2SO4

(pH 0.0), 95 °C) of Dust B and Sn(IV). Redox potentials are presented vs. SHE.

Figure 32. Kinetic of Zn, Sb, As, Fe, Bi, Te, and Sn in hot acid leaching (100 g/l H2SO4

(pH 0.0), 95 °C) of Dust B and Sn(II). Redox potentials are presented vs. SHE.
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Figure 33. Behavior of Sn(IV) and Sn(II) in hot acid leaching (100 g/l H2SO4 (pH 0.0),

95 °C) experiments with Dust B. N.B. No Sn was detected from the solution when leached

with Dust A.

Table 11. Compositions of pregnant leach solutions (PLS) achieved by the hot acid

leaching experiments.

LA2.1 LA2.2 LB2.1 LB2.2
Zn g/l 14.6 20.5 42.0 44.2
Ca 0.1 0.1 0.3 0.6
Na 0.5 0.5 0.3 0.5
K 0.4 0.4 0.2 0.3
Fe 2.6 3.5 1.3 1.9
As 6.5 9.4 1.9 1.0
Si 0.2 0.3 0.4 0.4

Mg mg/l 45 60 198 204
Sn <1 <2 <1 4
Bi 30 18 347 144
Te 100 228 54 139
Sb 54 68 65 35
Pb 7 <2 27 11
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Table 12. Compositions of leaching residues achieved by the hot acid leaching

experiments. N.B. Composition of residue from LA2.2 was not analyzed.

LA2.1 LB2.1 LB2.2
Zn wt-% 6.9 7.1 8.3
Ca <0.04 0.3 0.3
Na 0.1 0.1 <0.04
K 0.2 0.1 0.2
Fe 1.8 6.4 8.3
As 1.2 0.7 2.6
Si 0.7 0.8 0.9

Mg <0.04 <0.04 <0.04
Sn 0.5 2.4 2.1
Bi 0.7 0.8 0.9
Te 0.5 1.5 1.6
Sb 0.5 0.3 0.3
Pb 22.8 23.3 23.4

4.4 pH sweep

pH sweep experiments were carried out to determine at which acidity tin, bismuth,

tellurium, and other impurities start to dissolve. Acidity of solution was increased from

neutral to 120 g/l H2SO4 by four steps within 90 minutes, so acidity was maintained at

each level for 15 minutes. Results showed that the elements that started to dissolve in

neutral media were also the ones that showed the fastest dissolution kinetics in the weak

acid leaching experiments: calcium, cadmium, magnesium, potassium, sodium, silica,

and zinc. At pH 4, no major changes were observed when compared to the neutral media,

whereas at pH 1 bismuth, arsenic, antimony, indium, and iron started to dissolve. Zinc

reached its highest extraction rate already at pH 1 —equal to ~10 g/l acid concentration—

as can be seen in Figure 34.

Only minor amounts of bismuth were found to be dissolved at pH 1, but as the acidity

was further increased to 30 g/l H2SO4 (pH ~0.5) the extraction rate rose from 1–6% to

over 20% (Figure 35). In addition, bismuth dissolved more efficiently when it was mixed
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with Dust B - as was previously observed in the hot acid leaching experiments - and this

was also determined to increase linearly as the level of acidity was further increased above

30 g/l. Air purging and resulting higher oxidation potential had negative effect on bismuth

recoveries.

Results showed that tellurium began to dissolve at 30 g/l H2SO4 as can be seen in Figure

36. It is noteworthy that the extraction rate of tellurium increases still quite substantially

when the acidity is raised from 60 g/l to 120 g/l, whereas in the case of iron or bismuth,

the rate of increase is much less pronounced. Inclusion of air purging accelerated

dissolution rate of tellurium, and almost 100% recovery was achieved already at 60 g/l

H2SO4.

Minor amounts of quadrivalent and divalent tin dissolved when mixed with Dust B at 60

and 120 g/l H2SO4 (Figure 37). As was also previously observed with the hot acid

leaching experiments, tin was not detected from the solution when it was associated with

Dust A in the absence of air purging. With air purging minor dissolution of quadrivalent

tin (<2%) took place from Dust A and recovery of quadrivalent tin from Dust B was

increased from 2.5% to 7.7%. Divalent tin is more extractable than quadrivalent tin as

14% recovery was achieved at 120 g/l from Dust B —the only sampling point where more

than 10% of tin ended in the solution. The results seem to suggest that the redox

environment created by sulfuric acid solution and secondary dust is a more critical factor

for the leaching efficiency of tin than the initial oxidation state of the tin species.

Two small scale pH sweep experiments were carried out for SnO2 and SnSO4 including

trace amounts of Bi2O3 and TeO2 in the absence of Zn-containing dust. No quadrivalent

tin dissolved in any acidity level (0–120 g/l H2SO4) applied while all the divalent tin from

SnSO4 dissolved instantly in water and remained in the solution throughout the

experiment. Bismuth started to dissolve at pH 1 and final recoveries at 120 g/l H2SO4

were 40% and 73% in the presence of SnO2 and SnSO4, respectively. Tellurium started

to dissolve at pH 0.5 with final recovery of 80% in the presence of SnO2. With SnSO4

tellurium remained insoluble due to low redox potential of the solution resulting from

instant dissolution of tin.
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Based on the results, all the added impurities —tin, bismuth, and tellurium— seem to

dissolve more efficiently when they are mixed with Dust B. Iron, on the other hand, seems

to be more easily extracted when in the presence of Dust A than Dust B (Figure 38). This

can also be observed from the kinetic studies of iron in weak and hot acid leaching

experiments. Furthermore, these findings demonstrate that lead remains totally insoluble

under the experimental conditions investigated. Inclusion of air purging increase

dissolution rates of quadrivalent tin and tellurium while bismuth recoveries were

decreased. Extraction rates of Zn, Sb, As, In, Fe, Bi, Te, and Sn under oxidative conditions

are shown in Figures 39 and 40, and Table 13 shows the measured redox potentials in all

pH sweep experiments. By purging air to solution at rate of 3 l/min, final oxidation

potentials were increased by approximately 50 mV in comparison to experiments in the

absence of air purge. Data from solution sample analysis is shown in Appendix C.

Figure 34. Extraction rates of zinc in function of sulfuric acid concentration in pH sweep

experiments. Acidity of solution was maintained at each level for 15 minutes.
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Figure 35. Extraction rates of bismuth in function of sulfuric acid concentration in pH

sweep experiments. Acidity of solution was maintained at each level for 15 minutes.

Figure 36. Extraction rates of tellurium in function of sulfuric acid concentration in pH

sweep experiments. Acidity of solution was maintained at each level for 15 minutes.
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Figure 37. Extraction rates of tin in function of sulfuric acid concentration in pH sweep

experiments. Acidity of solution was maintained at each level for 15 minutes.

Figure 38. Extraction rates of iron in function of sulfuric acid concentration in pH

sweep experiments. Acidity of solution was maintained at each level for 15 minutes.
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Figure 39. Extraction rates of Zn, Sb, As, Fe, Bi, Te, and Sn in pH sweep of Dust A and

Sn(IV) with air purging. Redox potentials are presented vs. SHE.

Figure 40. Extraction rates of Zn, Sb, As, Fe, Bi, Te, and Sn in pH sweep of Dust B and

Sn(IV) with air purging. Redox potentials are presented vs. SHE.
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Table 13. Measured Redox potentials (vs. SHE) in pH sweep experiments at each acidity

level.

Acidity
(g/l H2SO4)

1. Dust A
(mV)

2. Dust A
(mV)

Dust A +
Air (mV)

1. Dust B
(mV)

2. Dust B
(mV)

Dust B +
Air (mV)

0 187 205 211 239 237 255
0.01 205 256 249 251 258 241
9.8 354 364 419 373 387 460
30 440 447 481 454 507 551
60 475 481 509 529 561 595
120 496 503 549 598 607 650
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5 Discussion

Results from AAS analysis show that a 100% recovery rate of zinc was achieved at every

leaching condition with Dust B. Moreover, the kinetic studies suggest that zinc is in the

almost fully oxidized form as the total dissolution occurs within 2 minutes in hot acid

leaching and already at pH 1 in a sweep experiment. In contrast with Dust A, the recovery

rate of zinc varied between 70% and 100% in every leaching condition. The maximum

recovery was achieved within 20 minutes in weak acid leaching, 2 minutes in hot acid

leaching and at pH 1 in a sweep experiment.

The zinc recoveries from Dust A vary a lot and there could be several explanations for it.

Despite inconsistency of results, in experiments LA2.2 (Figure 30) and LA3.2 (Figure 34,

2. Dust A) zinc was fully leached from Dust A which shows that zinc can be recovered

from both dusts to solution in hot acid conditions. Kinetic studies show that maximum Zn

recovery is already reached at pH 1 in pH sweep or within 2 minutes in hot acid which

indicate that inconsistency of Zn recoveries is a result of either weighing inaccuracies,

moisture content or heterogeneity of Dust A. Although dusts were dried in oven before

weighing some moisture might be still left. After drying and weighing, dust batches were

stored in enclosed containers until they were utilized in experiments. Time periods

between drying the dust and performing leaching experiment varied, so possible changes

in moisture content during these time periods might have occurred. On the other hand,

some metals like K and Sb, had higher recovery rates when 70% of zinc was recovered

in comparison to experiments with 100% Zn recovery which might indicate errors in

sample analysis or heterogeneity of Dust A.

Dissolution rates of quadrivalent tin remained negligible in every leaching condition

which was also expected, based on the theoretical hydrometallurgical behavior of tin

discussed in Section 2.6.1. The Pourbaix diagram of Sn-H2O -system suggests that SnO2

would dissolve as Sn4+ when pH of the solution is below -1. In contrast, dissolution as

Sn2+ occurs when pH is below -0.3, but a low oxidation potential (<50 mV) is also needed.

In hot acid leaching, pH of the solution was about 0 and redox potential of the system
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varied between 440 and 520 mV (vs. SHE) – insufficient to leach tin as Sn2+ based on the

Pourbaix diagram and also shown experimentally. In pH sweep experiments, acidity of

solution was increased step by step and maintained at each level for 15 minutes. At the

final step, acidity of solution was 120 g/l H2SO4 and related redox potentials were about

500 and 600 mV with Dust A and B, respectively. With Dust B already 2.5% of

quadrivalent tin was extracted to solution. By including air purging, tin leaching rates

were increased from 0% to 1.3% and from 2.5% to 7.7% with Dust A and B, respectively.

Air purging and resulting higher oxidation potential (approx. +50 mV) has a clear positive

effect on leaching of tin, however, the amounts discussed are still rather small (<7.7% or

<28 mg/l).

Divalent tin remained unextracted in weak acid leaching conditions, but significant

leaching rates were observed in hot acid leaching. First, about 10% of tin dissolved and

then most of the dissolved tin re-precipitated with extended experimental duration. As

mentioned in Section 2.6.1, Jeon et. al (2015) observed a similar leaching behavior of tin

in their research. These results suggest that the tin has oxidized from divalent to

quadrivalent and then re-precipitated in the form of SnO2. In the absence of zinc-

containing dust, all the divalent tin dissolved in neutral media and remained in the solution

in acidic conditions. The presence of dust and resulting higher oxidation potential

accelerates oxidation of Sn(II) to Sn(IV).

Comparison between the results of hot acid leaching and pH sweep experiments indicate

that a constant 100 g/l H2SO4 concentration might already yield higher tin leaching rates.

It is important to highlight the fact that no acid increments were performed during hot

acid leaching experiments, so the acidity of the solution decreased during the leaching

process to between 60–80 g/l H2SO4 and this drop in acid concentration might be

substantial enough to reduce or even stop the dissolution of tin. Kinetic study of pH sweep

experiments shows that some of tin (<5%) is found dissolved in 60 g/l H2SO4 and up to

14% in 120 g/l H2SO4.

Nevertheless, it is important to underline that the results from hot acid leaching

experiments and pH sweep experiments are not totally comparable as in pH sweep
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experiments initial volume is smaller (700 ml vs. 800 ml), total leaching time is longer

(90 minutes vs. 60 minutes), and S/L-ratio is constantly decreasing due to acid

increments. In addition, air purging is utilized in two pH sweep experiments. These

factors lead to higher redox potentials at 60 g/l H2SO4 in pH sweep than in hot acid

leaching thus favoring the leaching of tin at later stages of pH sweep in comparison to hot

acid leaching. Results from hot acid leaching can be paralleled to a real industrial leaching

process whereas results from pH sweep provide detailed information on at which acidity

level and redox potential a certain species start to dissolve. Final leaching rates of pH

sweep experiments can be also considered, but at the same time it should be noted that no

actual leaching process is operated in a similar fashion.

The results of tin leaching are similar to those previously detailed in the literature, for

example, Li et. al (2011) achieved 5% and 8% tin recoveries with 0.5 M and 2 M sulfuric

acid, respectively. In addition, Bertilsson (2018) reported 9% tin recovery at constant

pH 0 with sulfuric acid leaching from Zn-clinker material and 20% tin recovery from

mixed metal oxide material, although longer leaching times (120 minutes) were utilized.

Lundström et. al (2017) recovered 8.6% of tin from waste printed circuit boards in

conditions close to hot acid leaching and pH sweep utilized in this work (85 °C, 100 g/l

H2SO4, 2.1 l/min O2). They observed that reduction in reaction temperature to 25 °C

increased final tin recovery significantly, to 35.8%, and Sn yield was less than 6% in

pressurized leaching. Higher temperature increases dissolution rate of tin, but in contrary,

hydrolysis rate of tin is also increased at later stages of leaching (Figure 41) (Lundström,

2017). Generally, the leaching reaction of tin in concentrated sulfuric acid is regarded as

very slow and tin from a quadrivalent compound is almost insoluble (MEL Science, 2018;

Gillespie, 1966). An increase in reaction time would have possibly increased tin recovery

in the experiments of this work, although this may have been offset by re-precipitation.
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Figure 41. Tin leaching behavior at different temperatures. Tests 13 and 14 were

conducted at 25 °C and tests 15 and 16 at 85 °C. (Lundström, 2017).

Negligible amounts of bismuth were detected from weak acid leaching solutions. The

formation of crystallized Bi2(SO4)3 in diluted sulfuric acid media was discussed in Section

2.6.2, and it could be an explanation for the low solubilities. Bismuth recoveries in hot

acid leaching were significant which was expected from Pourbaix diagram of Bi-H2O -

system. The hydrolysis species was most likely Bi3+ ion due to fact that BiOH+ ion should

form pH > 1 and in more oxidative conditions that were utilized.

Considerable differences in leaching behavior of bismuth were observed between the

experiments with Dust A and Dust B. In hot acid leaching with Dust A, Bi recoveries

were <10%, whereas with Dust B, levels of >30% were obtained. Moreover, the related

kinetic studies show that bismuth recoveries tend to follow a similar pattern to that seen

for antimony. As Dust A has a higher antimony concentration (0.51 wt-%) than Dust B

(0.16 wt-%) and the amount of bismuth added are of the same order of magnitude it can

be hypothesized that bismuth and antimony possibly co-precipitate. Nevertheless, this

theory is currently rather speculative and would require more research. As antimony,

bismuth, and arsenic are all part of the same group (15) in the periodic table, they share

several properties and are often removed from acidic solutions together. As previously

mentioned in Section 2.6.2, cementation of bismuth by iron or copper leads to antimony

and arsenic cementation as well, so it is possible that the significant dissolution of iron

(2.6–3.5 g/l) from Dust A may have resulted in a reduced level of bismuth and antimony
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dissolution, when compared to Dust B where lower levels of iron (1.3–1.9 g/l) is

extracted.

Surprisingly, inclusion of air purging decreased bismuth recoveries at 120 g/l H2SO4 from

52% to 36% and from 73% to 52% with Dust A and B, respectively. According to

literature increase in oxygen pressure should enhance bismuth recovery. Wang et. al

(2020) showed that by increasing oxygen pressure from 0.2 MPa to 0.4 MPa, bismuth

recovery from Bi2S3 increased from 55% to 96%. Seisko et. al (2017) increased Bi

recovery from copper anode slime (mainly oxides) from 61% to 74% by increasing

oxygen pressure in autoclave from 2 bars to 8 bars. Sandstrom et. al (1999) have stated

that combination of air and sulfuric acid should efficiently react with elemental bismuth

to form Bi3+ ions and SO2 gas. In this case, the initial form of bismuth as Bi2O3 might

have something to do with lower recoveries or the inclusion of excess air/oxygen has

accelerated formation of Bi-As-Sb oxide complexes.

According to Pourbaix diagram of Te-H2O -system, the most stable form of tellurium

under leaching conditions investigated would be solid tellurium (II) oxide. Furthermore,

the leaching of tellurium is more dependent on the oxidation potential than pH which can

be seen from Pourbaix diagram of Te-H2O -system and was shown experimentally by

lifting redox potential by air purging. At 60 g/l H2SO4 the corresponding Te recoveries

were raised from 12% to 97% and from 64% to 100% with Dust A and B, respectively,

by constant air purging. In industrial scale, some oxidation agents are typically utilized to

maximize tellurium recovery.

As quadrivalent tellurium was leached as tellurium (IV) dioxide, the hypothesis was that

tellurium would be reduced from quadrivalent to divalent during the experiments.

Although the reduction possibly occurred, also significant amounts of tellurium were

found to be dissolved in hot acid leaching and during the pH sweep experiments. The

formation of aqueous tellurous acid (H2TeO3) should not be stable until the redox

potential of a system reaches about 700 mV at a pH of between 0 to 1 according to the

Pourbaix diagram, and the required oxidation potential was not reached in any of the

experiments. In addition to tellurous acid, the formation of Te4+ and HTeO2
+ ions is also
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possible at low pH as discussed in Section 2.6.3. Results of the kinetic studies demonstrate

that the leaching of tellurium is prolonged in comparison to the other metals in this study,

therefore an increase in leaching time would most likely enhance tellurium recovery.

All the studied impurities, Sn, Bi, and Te, dissolve more efficiently in the presence of

Dust B than Dust A, and this can be explained by the difference in zinc content of dusts.

Dust B has a significantly higher zinc content which results in dissolution of most raw

material during early stages of leaching i.e. S/L ratio of system decreases rapidly. Lower

S/L ratio increases leaching efficiency if the reaction is limited by the diffusion of

reactants which appears to be the case in the experiments of this work.

A considerable range of variation in some metal concentrations was observed between

experiments where the only changed parameter was tin species i.e. the results should have

been repeatable. Inevitably with practical experimentation, there are several sources of

error: Inaccuracies attributable to weighing and pouring of the solids are omnipresent but

ultimately small. A more significant source of error results as some solids adhere to Redox

and pH probes during the measurements. Due to high temperatures utilized, probes were

not kept constantly in the solution to avoid them degrading. Although an airtight cover

was utilized, some evaporation occurs during the measurements and sampling which

enriches the level of metals in a solution. Furthermore, the timing related to the addition

of acid increments and redox and pH measurement were not totally identical between

experiments. The dust samples were dried before weighing, but it is possible that some

moisture is still left which would misrepresent metal recoveries.

Alongside the possible sources of error that occur during the leaching experiments, some

errors could also be because of solution sample analysis. For example, alkali metals and

arsenic in Dust A showed regularly >100% leaching rates. As the same equipment was

used in elemental analysis of a raw material and elemental analysis of solution samples,

related interferences might have had some influence between the difference cases. Also,

so called EIE-effect (Easily Ionized Elements) might have caused disturbances in alkali

metal analysis (Kakko, 2016). Furthermore, the wide variety of different elements within

dusts might also result in unwanted precipitations when the solution samples were diluted
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for ICP-OES analysis. In the case of tin, this was taken into account by diluting tin-

containing samples with HCl instead of HNO3 where tin could precipitate as tin nitrate

(Sn(NO3)2) or amorphic stannic acid powder (H2SnO3) (MEL Science, 2018).

Significant zinc concentrations are present in leaching residues, although solution sample

analysis show that zinc is fully dissolved. This strongly indicates that washing of residues

has not been sufficient but some of zinc has crystallized from PLS to residue. On the other

hand, in the case of lead, the concentrations were analyzed twice from each solid residue

sample, and the first set of analysis showed 11.0–14.5 wt-% Pb concentrations while the

second set of analysis showed 22.8–26.3 wt-% Pb concentrations. According to solution

sample analysis, Pb concentrations in leaching residues of Dust B should be ~50 wt-% to

fulfill mass balance of Pb. Systematically larger concentrations with second analysis

indicate that the main source of error is related to analysis stage i.e. weighing, dilution,

or settings used with ICP-OES. In addition, at low temperatures lead can precipitate as

PbCl2 in chloride media utilized in total leaching (Choi, 2019). Then again, the

precipitation would most likely result in more significant inconsistency of analyzed Pb

concentrations.

During leaching experiments, some solids are lost due to sampling and filtering technique

of solution samples and adhesion of particles to equipment which creates impreciseness

to the calculation of elemental recoveries from leaching residues. Due to small sizes of

residues, splitting of residues was not conducted before analysis, thus homogeneities of

samples were not assured. Similar homogeneity issues are not present with solution

samples, and this can be seen from more consistent results between experiments.

Additionally, number of solution samples was larger than number of solid samples

analyzed, hence reliability and reproducibility of solution samples is easier to verify. In

consequence of aforementioned things, in this work, more weight has been given to

results of solution sample analysis.

Results of this work not only provide some new information on the behavior of tin,

bismuth, tellurium, and other impurities present in sulfuric acid-based hydrometallurgical

processes, but also provides a basis for further research in this area related to the recycling
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of secondary raw materials/production wastes. Instead of the addition of synthetic

compounds, the study of a secondary dust containing tin, bismuth, and tellurium as a

direct part of its matrix would provide more practical information on their interactions.

Additionally, the behavior of the bismuth and tellurium in the jarosite precipitation

process is still relatively unknown and they could potentially end in jarosite to a

significant extent. Nevertheless, the remainder of the studied impurities should be able to

be removed by the cementation steps of the zinc solution purification process, although

the related kinetics are yet to be studied.
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6 Conclusions

Hydrometallurgical behavior of tin, bismuth, and tellurium in zinc sulfate solutions was

determined by means of a literature survey and through practical leaching experiments

performed with secondary zinc containing process dusts mixed with synthetic Sn, Bi, and

Te compounds. The main aim of this research was to achieve a more detailed

understanding of the elemental species characteristics in the presence of zinc within

sulfuric acid media and at the same time establish a base for the future research.

The dusts studied in this work have similar mineralogizes, though they show different

leaching characteristics. The main compositional difference in dusts is the mass ratio of

zinc to lead which is 1:1 in Dust A and 5:2 in Dust B. This difference leads to more

significant leaching of Dust B at early stages of experiments, hence decreasing S/L ratio

of system and enhancing the leaching of the studied impurities: Sn, Bi, and Te.

Experimental results show that no tin, bismuth, or tellurium dissolves in weak acid

leaching conditions (5.0 g/l H2SO4, 90 °C). Extraction rate of tin in hot acid leaching

conditions (100 g/l H2SO4, 95 °C) is also negligible (<1%), although kinetic study shows

significant dissolution of divalent tin within first 2 minutes before re-precipitation.

Further information on dissolution kinetics of tin was provided by pH sweep experiments.

At 60 g/l H2SO4 minor amounts of quadrivalent tin (<1%) ended in the solution and at

120 g/l H2SO4 less than 8% of tin was extracted whereas the extraction rate of divalent

tin was 14%. Nevertheless, in pH sweep experiments, the longer leaching time and the

constantly decreasing S/L ratio and resulting higher redox potential favors the leaching

of tin in comparison to hot acid conditions. Overall, based on the findings, divalent tin

appears to get more easily extracted with sulfuric acid than the quadrivalent form and

increase in oxidation potential by air purging increases tin leaching. When industrial zinc

process conditions are considered, tin would almost exclusively end up in the high lead

containing leaching residue, hence minimizing the possible detrimental effects at later

process stages.
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Maximum extraction rates of bismuth increase from 6% to 50% as acidity of solution is

raised from 10 g/l to 30 g/l H2SO4. Extraction rate of bismuth appears to be strongly

dependent on the dust matrix utilized, and possibly formation of Bi-As-Sb complexes

takes place during the leaching. Inclusion of air purging decreased bismuth recoveries.

Dissolution of tellurium takes place as the acidity is raised to 30 g/l H2SO4 and the

dissolution is very sensitive to oxidation potential as with air purging tellurium was totally

recovered at 60 g/l H2SO4. As significant amounts of bismuth (<59%) and tellurium

(<54%) dissolve in hot acid conditions, the behavior of the metals within combined hot

acid leaching and jarosite precipitation step would be worth of future study. A rough

summarization of results presented in this work is shown in Table 14.

Table 14. Average leaching outputs of studied elements in three different conditions

based on the solution sample analysis and residue analysis of As due to systematically

too high leaching rates of As. The output categories are leach residue (>90% in residue),

equal distribution (max. 30% to 70%), and pregnant leach solution (>90% in solution).

Output rates in between are presented by percentual figures.

Weak acid leaching
5.0 g/l H2SO4, 90 °C

Hot acid leaching
60–100 g/l H2SO4, 95 °C

pH sweep, final step
120 g/l H2SO4, 90 °C

Dust A Dust B Dust A Dust B Dust A Dust B
Zn >70% Sol. Solution Solution Solution Solution Solution

Sn (IV) Residue Residue Residue Residue Residue Residue
Sn (II) Residue Residue Residue Residue Residue >85%

Bi Residue Residue Residue Equal Equal Equal
Te Residue Residue Equal Equal >75% Solution
As Equal >70% >70% Sol. >70% >70% Solution
Sb Residue >80% >85% Res. Equal >80% Equal
Pb Residue Residue Residue Residue Residue Residue
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Appendices

Appendix A. Solution sample analysis of weak acid leaching

experiments.

Table A 1. Solution sample analysis of LA1.1 experiment (T=90 °C, pH=1.3, t=60 min,

no air purging).

näyte (min) 2 10 20 40 60

Bi (mg/l) < 1 < 1 < 1 2.6 4.2

Sn (mg/l) < 1 < 1 < 1 < 1 < 1

Sb (mg/l) 6 3 8 30 17

Te (mg/l) < 1 < 1 < 1 < 1 < 1

As (mg/l) 413 1054 6278 6488 6745

Fe (mg/l) 1 28 178 770 1013

K (mg/l) 238 301 371 346 442

Na (mg/l) 334 400 442 442 406

Zn (mg/l) 5677 10895 14529 14711 13359

Mg (mg/l) 15 23 31 34 34

Ca (mg/l) 30 43 53 54 55

Pb (mg/l) < 1 < 1 4 7 8

Si (mg/l) 81 179 397 474 273



(2/3)

Table A 2. Solution sample analysis of LB1.1 experiment (T=90 °C, pH=1.3, t=60 min,

no air purging).

näyte (min) 2 10 20 40 60

Bi (mg/l) < 1 < 1 < 1 < 1 < 1

Sn (mg/l) < 1 < 1 < 1 < 1 < 1

Sb (mg/l) < 1 < 1 16 36 28

Te (mg/l) < 1 < 1 < 1 < 1 < 1

As (mg/l) 6 11 257 1645 1594

Fe (mg/l) < 1 < 1 49 338 456

K (mg/l) 205 214 255 235 229

Na (mg/l) 297 307 360 329 313

Zn (mg/l) 7062 12668 25415 40936 41021

Mg (mg/l) 14 16 29 72 87

Ca (mg/l) 64 85 140 226 247

Pb (mg/l) < 1 < 1 3 7 13

Si (mg/l) 2 13 88 367 399
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Table A 3. Solution sample analysis of LB1.2 experiment (T=90 °C, pH=1.3, t=60 min,

no air purging).

näyte (min) 2 10 20 40 60

Bi (mg/l) < 2 < 2 < 2 < 2 < 2

Sn (mg/l) < 2 < 2 < 2 < 2 < 2

Sb (mg/l) 15 12 58 32 29

Te (mg/l) < 2 < 2 < 2 < 2 < 2

As (mg/l) < 2 4 893 997 1044

Fe (mg/l) < 2 3 268 779 922

K (mg/l) 238 268 278 314 286

Na (mg/l) 346 425 459 511 452

Zn (mg/l) 16425 24321 47314 37576 38422

Mg (mg/l) 8 16 67 221 261

Ca (mg/l) 71 124 229 480 509

Pb (mg/l) < 2 < 2 < 2 < 2 < 2

Si (mg/l) 9 23 195 353 348
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Appendix B. Solution sample analysis of hot acid leaching experiments.

Table B 1. Solution sample analysis of LA2.1 experiment (T=95 °C, pH=0.0, t=60 min,

no air purging).

näyte (min) 2 10 20 40 60

Bi (mg/l) 45.2 45.3 32.7 29.0 30.2

Sn (mg/l) < 1 < 1 < 1 < 1 < 1

Sb (mg/l) 74 65 63 70 54

Te (mg/l) < 1 39 77 97 100

As (mg/l) 7056 6244 6705 6882 6521

Fe (mg/l) 1349 1672 2137 2561 2650

K (mg/l) 343 362 374 358 415

Na (mg/l) 452 434 424 487 494

Zn (mg/l) 14086 13546 13302 14681 14610

Mg (mg/l) 38 36 41 44 45

Ca (mg/l) 67 60 65 66 68

Pb (mg/l) 9 7 8 9 7

Si (mg/l) 319 273 268 260 227
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Table B 2. Solution sample analysis of LB2.1 experiment (T=95 °C, pH=0.0, t=60 min,

no air purging).

näyte (min) 2 10 20 40 60

Bi (mg/l) 142 289 312 305 347

Sn (mg/l) 5 1 < 1 < 1 < 1

Sb (mg/l) 59 59 69 66 65

Te (mg/l) 32 31 36 56 54

As (mg/l) 1433 1603 1797 1845 1870

Fe (mg/l) 395 689 798 987 1288

K (mg/l) 192 208 225 231 245

Na (mg/l) 267 290 323 325 342

Zn (mg/l) 35473 43105 43926 48160 41957

Mg (mg/l) 52 111 145 177 198

Ca (mg/l) 122 197 235 251 270

Pb (mg/l) 8 14 18 21 27

Si (mg/l) 342 366 336 337 365
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Table B 3. Solution sample analysis of LA2.2 experiment (T=95 °C, pH=0.0, t=60 min,

no air purging).

näyte (min) 2 10 20 40 60

Sn (mg/l) < 2 < 2 < 2 < 2 < 2

As (mg/l) 7776 7213 7262 9153 9361

Te (mg/l) 66 147 165 234 228

Si (mg/l) 324 290 258 264 261

K (mg/l) 395 293 308 329 376

Na (mg/l) 417 494 486 470 455

Bi (mg/l) 28 23 16 17 18

Tl (mg/l) 16.7 15.7 13.5 6.6 6.6

Fe (mg/l) 1351 2523 2939 3367 3480

Mg (mg/l) 30 55 58 62 60

Ca (mg/l) 74 106 106 109 103

Pb (mg/l) < 2 < 2 < 2 < 2 < 2

Zn (mg/l) 17980 20101 18353 19734 20499

Sb (mg/l) 78 73 76 72 68
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Table B 4. Solution sample analysis of LB2.2 experiment (T=95 °C, pH=0.0, t=60 min,

no air purging).

näyte (min) 2 10 20 40 60

Bi (mg/l) 107 169 191 152 144

Sn (mg/l) 54 14 7 7 4

Sb (mg/l) 41 35 38 35 35

Te (mg/l) < 2 36 78 122 139

As (mg/l) 1033 1089 1176 1043 1037

Fe (mg/l) 509 964 1194 1401 1873

K (mg/l) 280 302 301 311 307

Na (mg/l) 460 504 460 511 526

Zn (mg/l) 36926 37330 38724 58912 44218

Mg (mg/l) 104 196 198 173 204

Ca (mg/l) 275 519 550 511 604

Pb (mg/l) < 2 18 10 8 11

Si (mg/l) 332 381 306 455 450
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Appendix C. Solution sample analysis of pH sweep experiments.

Table C 1. Solution sample analysis of LA3.1 experiment (T=90 °C, Acidity=0–120 g/l

H2SO4, t=90 min, no air purging).

näyte (min) 15 30 45 60 75 90

Bi (mg/l) < 1 < 1 6.9 138.7 213.8 290.5

Sn (mg/l) < 1 < 1 < 1 < 1 < 1 < 1

Sb (mg/l) 4 2 34 27 47 82

Te (mg/l) < 1 < 1 < 1 < 1 59 311

As (mg/l) 164 46 7238 6660 6470 6149

Fe (mg/l) 21 < 1 908 1602 2093 2468

K (mg/l) 269 276 471 393 463 386

Na (mg/l) 306 301 488 436 419 408

Zn (mg/l) 2745 2622 15093 14256 13853 13503

Mg (mg/l) 14 14 38 39 39 40

Ca (mg/l) 29 30 62 62 60 57

Pb (mg/l) 3 3 9 14 14 11

Si (mg/l) 26 33 407 365 305 249
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Table C 2. Solution sample analysis of LB3.1 experiment (T=90 °C, Acidity=0–120 g/l

H2SO4, t=90 min, no air purging).

näyte (min) 15 30 45 60 75 90

Bi (mg/l) < 1 < 1 15 249 297 352

Sn (mg/l) < 1 < 1 < 1 < 1 6 19

Sb (mg/l) 1 < 1 39 47 52 66

Te (mg/l) < 1 < 1 < 1 24 287 438

As (mg/l) 3 < 2 1864 1788 1745 1596

Fe (mg/l) 4 < 1 354 747 1021 1279

K (mg/l) 298 295 270 248 238 195

Na (mg/l) 402 395 360 353 317 270

Zn (mg/l) 4388 4762 45322 47845 39812 49041

Mg (mg/l) 20 20 81 107 106 99

Ca (mg/l) 123 136 256 278 289 290

Pb (mg/l) 3 3 18 18 13 14

Si (mg/l) 10 9 389 444 419 389
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Table C 3. Solution sample analysis of LA3.2 experiment (T=90 °C, Acidity=0–120 g/l

H2SO4, t=90 min, no air purging).

näyte (min) 15 30 45 60 75 90

Bi (mg/l) < 2 < 2 < 2 14 84 169

Sn (mg/l) < 2 < 2 < 2 < 2 < 2 < 2

Sb (mg/l) 13 13 43 31 39 56

Te (mg/l) < 2 < 2 < 2 19 141 272

As (mg/l) 165 156 5628 5061 5648 4704

Fe (mg/l) 20 < 2 1497 2544 3179 3926

K (mg/l) 278 293 394 399 402 384

Na (mg/l) 398 412 635 676 663 680

Zn (mg/l) 5190 4883 22658 22305 21857 20759

Mg (mg/l) 14 11 58 72 74 79

Ca (mg/l) 52 42 100 117 114 117

Pb (mg/l) < 2 < 2 < 2 13 18 18

Si (mg/l) 34 73 575 674 561 369
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Table C 4. Solution sample analysis of LB3.2 experiment (T=90 °C, Acidity=0–120 g/l

H2SO4, t=90 min, no air purging).

näyte (min) 15 30 45 60 75 90

Sn (mg/l) < 2 < 2 < 2 15.1 34.5 74.2

As (mg/l) 10 < 2 875 954 978 969

Te (mg/l) < 2 < 2 13 274 405 440

Si (mg/l) < 2 < 2 183 209 211 171

K (mg/l) 338 305 294 382 332 314

Na (mg/l) 320 323 340 298 310 294

Bi (mg/l) < 2 < 2 28 186 216 246

Tl (mg/l) < 2 < 2 < 2 < 2 < 2 < 2

Fe (mg/l) 90 < 2 537 1228 1529 1631

Mg (mg/l) 11 12 82 138 138 123

Ca (mg/l) 152 173 296 449 466 426

Pb (mg/l) < 2 < 2 < 2 5.1 3.4 < 2

Zn (mg/l) 5341 7582 42690 40939 45273 42938

Sb (mg/l) < 2 < 2 72 64 73 108
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Table C 5. Solution sample analysis of LA3.3 experiment (T=90 °C, Acidity=0–120 g/l

H2SO4, t=90 min, air flow rate=3 l/min).

näyte (min) 15 30 45 60 75 90

Zn (mg/l) 2761.64 2752.96 15920.24 16381.4 14893.76 15400.56

Ca (mg/l) 21.476 22.148 104.692 119.028 123.032 113.904

Na (mg/l) 290.08 295.68 479.92 487.48 483.28 472.64

K (mg/l) 218.96 214.48 323.68 325.64 373.24 369.6

Fe (mg/l) < 2 < 2 769.44 1694.84 2663.92 3449.6

As (mg/l) 55.412 27.188 6960.8 6792.8 6728.4 6627.6

Si (mg/l) 8.204 22.568 357.84 329.84 295.4 230.384

Mg (mg/l) < 2 < 2 52.164 61.488 68.012 67.34

Sn (mg/l) < 2 < 2 < 2 < 2 5.88 10.36

Bi (mg/l) < 2 < 2 < 2 < 2 50.708 157.416

Te (mg/l) < 2 < 2 < 2 76.72 364.28 520.52

Sb (mg/l) < 2 < 2 48.02 40.04 39.564 87.752

Pb (mg/l) < 2 < 2 < 2 < 2 < 2 < 2
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Table C 6. Solution sample analysis of LB3.3 experiment (T=90 °C, Acidity=0–120 g/l

H2SO4, t=90 min, air flow rate=3 l/min).

näyte (min) 15 30 45 60 75 90

Zn (mg/l) 3468.92 3038 33065.2 37657.2 38738 34221.6

Ca (mg/l) 104.944 112.504 294.84 364.56 401.8 428.4

Na (mg/l) 372.68 304.64 350.84 377.72 370.16 342.16

K (mg/l) 259.28 220.36 248.08 281.4 268.24 261.8

Fe (mg/l) < 2 < 2 291.2 652.68 930.72 1212.12

As (mg/l) < 2 < 2 1863.12 2084.88 2054.92 1883.84

Si (mg/l) < 2 < 2 216.356 275.1 259.616 203.644

Mg (mg/l) < 2 < 2 76.888 114.772 120.288 124.796

Sn (mg/l) < 2 < 2 < 2 < 2 6.832 56.112

Bi (mg/l) < 2 < 2 < 2 84.252 163.016 214.956

Te (mg/l) < 2 < 2 < 2 62.468 529.48 763

Sb (mg/l) < 2 < 2 57.204 67.984 64.876 88.424

Pb (mg/l) < 2 < 2 40.376 27.972 16.996 11.76
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Table C 7. Solution sample analysis of LSn(IV) experiment (T=80 °C, Acidity=0–120 g/l

H2SO4, t=90 min, air flow rate=0.5 l/min).

näyte (min) 15 30 45 60 75 90

Sn (mg/l) < 2 < 2 < 2 < 2 < 2 < 2

Te (mg/l) < 2 < 2 < 2 892.92 1852.48 2423.4

Bi (mg/l) < 2 < 2 585.48 2161.04 1311.8 1622.6

Table C 8. Solution sample analysis of LSn(II) experiment (T=80 °C, Acidity=0–120 g/l

H2SO4, t=90 min, air flow rate=0.5 l/min).

näyte (min) 15 30 45 60 75 90

Sn (mg/l) 49560 62406.4 51867.2 52416 56851.2 52908.8

Te (mg/l) < 2 < 2 < 2 < 2 < 2 < 2

Bi (mg/l) < 2 < 2 165.2 952.4 1583.2 2909.6


