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Bioleaching and bio-oxidation are used to extract metals from low-grade, low-quality 
and complex ores and ore concentrates such as arsenic-containing and refractory gold 
concentrates. In this thesis, the bio-oxidation of a refractory gold flotation concentrate 
(from the Agnico-Eagle, Suurikuusikko mine site, Kittilä, Finland) and the bioleaching 
of two nickel- and cobalt-containing flotation concentrates (from Mondo Minerals Oy 
Talc Mining Site, Sotkamo) were studied. The aim was to use bio-oxidation as a 
pretreatment for refractory gold concentrate to liberate the gold which is encapsulated 
inside of a sulfide mineral and to produce a leach residue amenable to cyanide leaching. 
The aim of bioleaching was to continue the previous work and test the effect of different 
pH on the dissolution of nickel, cobalt, iron and arsenic from nickel concentrates.  

The bio-oxidation experiments were performed in shake flasks at the pH values of 
1.8–3.2 and the pulp density was varied from 1 % to 10 %. Preliminary bio-oxidation 
experiments in shake flasks using laboratory cultures showed that gold flotation 
concentrate was amenable to bio-oxidation. When using laboratory cultures, the highest 
yields for iron and arsenic were 45 % and 60 %, respectively, after 100 days of bio-
oxidation. Bio-oxidation with microorganisms enriched from the gold mining site 
enhanced the yields of iron and arsenic: during the enrichment phase iron and arsenic 
yields were 34 % and 65 %, respectively, after only 7 days of bio-oxidation. The effect 
of different starting pH on the dissolution of iron and arsenic was studied in shake flasks 
with Kittilä enrichment culture: the decrease in starting pH markedly increased the 
dissolved iron and arsenic concentrations. The bio-oxidation activity was seen as a 
decrease in pH and high redox at starting pH 2.5 and 3.2; however the iron, arsenic and 
sulfate concentrations remained low, suggesting a formation of iron, arsenic and sulfate 
precipitates. The highest yields (72 % Fe, 94 % As) were achieved with starting pH 1.8 
after 29 days of bio-oxidation. The increase in pulp density decreased the iron and 
arsenic yields. 

Bio-oxidation was performed in batch reactors (pH maintained at 1.8, 5 % pulp 
density, 27 oC) to produce a leach residue for the cyanide leaching of gold. The iron and 
arsenic yields in batch reactors after 35 days of bio-oxidation were 20 % and 33 %, 
respectively. At the end of the experiment, sulfate and iron concentrations decreased, 
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suggesting a formation of precipitates. The gold recovery from cyanide leaching was 36 
%.  

The bioleaching experiments were conducted in shake flasks in the pH range of 1.8–
3.0 (1 % pulp density, 27 oC). During bioleaching of nickel concentrate, the highest 
yields (nickel 60 %, cobalt 49 %) were achieved with the starting pH 1.8 when also iron 
(28 %) and arsenic (33 %) yields were the highest. At starting pH 3.0, all metal yields 
(nickel 31 %, cobalt 31 %, iron 12 % and arsenic 11 %) were lower than with starting 
pH 1.8.  

Bacterial community analysis showed a diversity of acidophilic, iron- and sulfur 
oxidizing bacteria in all cultures used in bioleaching and bio-oxidation. 
Acidithiobacillus ferrooxidans and Alicyclobacillus sp. were present in all bioleaching 
and bio-oxidation cultures. Also Acidithiobacillus caldus and Thiomonas 
cuprina/arsenivorans were present in some of the cultures. 

In conclusion, this work showed that Kittilä concentrate was amenable to bio-
oxidation and a decrease in pH increased the dissolution of iron and arsenic. The highest 
concentrations of dissolved iron and arsenic were obtained using indigenous Kittilä 
enrichment culture at pH 1.8 which resulted in the highest yields of iron, arsenic and 
sulfate. Bioleaching at pH 1.8 increased the dissolution of iron, nickel, cobalt and 
arsenic. The culture used to bioleach gersdorffite had a low activity. This work shows 
that pH has a marked effect on the dissolution and precipitation of iron, arsenic and 
sulfate in bioleaching and bio-oxidation. The dissolution and formation of iron-, 
arsenic- and sulfate-containing precipitates in bioleaching and bio-oxidation will be 
studied in the future experiments. 
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Maailmanlaajuinen metallien tarve kasvaa jatkuvasti, mutta uusia metalliesiintymiä 
löytyy entistä harvemmin ja uudet esiintymät ovat entistä heikompilaatuisia sekä 
vaikeampia hyödyntää. Bioliuotusta ja biohapetusta voidaan käyttää erityisesti 
arvometallipitoisuuksiltaan köyhien ja vaikeasti hyödynnettävien mineraalien ja 
rikasteiden prosessointiin. Biohydrometallurgian hyödyt ja edut perinteisiin 
pyrometallurgian prosesseihin verrattuna ovat pienemmät kustannukset ja 
ympäristöystävällisemmät menetelmät. Esimerkkinä köyhistä ja vaikeasti käsiteltävistä 
malmeista ovat arseenia (As) sisältävät malmit sekä malmit, jotka sisältävät kultaa 
pieninä hiukkasina sulfidimineraalin seassa. 

Arseenipitoisuus Suomen peruskalliossa on alle 10 mg/kg. Kuitenkin joidenkin 
malmien As-pitoisuus voi olla 10–1000 -kertainen ympäristöön verrattuna. Arseenia 
esiintyy kullan, kuparin, sinkin ja nikkelin kanssa. Erityisesti kulta- ja 
arseeniesiintymien välillä on selvä korrelaatio ja kulta ja arseeni esiintyvätkin monesti 
yhdessä. Kultaa sisältävät, vaikeasti hyödynnettävät mineraalit ovat yleensä rikkikiisu ja 
arseenikiisu. Keski-Lapissa sijaitseva Suurikuusikon kultaesiintymä sisältää arviolta 150 
tonnia kultaa. Kulta sijaitsee pieninä hiukkasina rikkikiisun (FeS2) ja arseenikiisun 
(FeAsS) yhteydessä.  

Luonnossa arseeni esiintyy useilla eri hapetusasteilla (-3, 0, +3, +5) olosuhteista 
riippuen (pH ja hapetus-pelkistyspotentiaali). Vesiliuoksissa arseeni esiintyy 
oksianioneina joko arseniittina As(III) tai arsenaattina As(V). Mikro-organismit voivat 
hapettaa, pelkistää ja metyloida arseenia ja siten vaikuttaa sen olomuotoon ja 
liikkuvuuteen. Usein arseenin hapetus-, pelkistys- ja metylointireaktiot ovat mikro-
organismien keino selviytyä arseenin myrkyllisyydestä. Monet asidofiiliset mikro-
organismit sietävät suuria arseniitti- ja arsenaattipitoisuuksia. Sitoutuminen raudan 
kanssa sekä rautaoksidien ja rautahydroksidien muodostuminen on tärkeä mekanismi 
arseenin pidättymisen ja vapautumisen kannalta. Arseeni adsorboituu rautaoksidien ja 
rautahydroksidien kanssa, kun pH on 5–6 ja rauta/arseeni moolisuhde >4. 

Asidofiiliset bakteerit kuten Acidithiobacillus ferrooxidans, Acidithiobacillus 
thiooxidans ja Leptospirillum ferrooxidans hapettavat sulfideja, rikkiä ja ferrorautaa. 
Kaupallisissa biohapetusprosesseissa hyödynnetään näiden mikro-organismien 
aineenvaihdunnallisia kykyjä.  
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Vaikeasti hyödynnettävien ja köyhien malmien rikastamisessa eivät perinteiset 
kaivosteollisuuden prosessit ole riittäviä ja kannattavia. Erityisesti, jos mineraali sisältää 
arseenia, sen prosessointi on haastavaa: se lisää kustannuksia, vaikeuttaa metallien 
erittelyä, alentaa tuotteen puhtausastetta ja laatua sekä aiheuttaa loppusijoitukselle 
haasteita. Arseenipitoisten mineraalien prosessoinnissa pyritään usein murskaamisen ja 
jauhamisen jälkeen erottamaan arseenipitoinen mineraali erikseen esimerkiksi 
flotaatiolla, jolloin lopputuloksena saadaan likaisempi eli arseenipitoisempi 
mineraalirikaste. Monesti kuitenkin samalla menetetään arvometalleja mineraaleina 
jäterikasteeseen. Vaikeasti hyödynnettävä, kultaa sisältävä rikkikiisu/arseenikiisu-
rikaste tarvitsee esikäsittelyn. Esikäsittelynä käytetään hienojauhatusta, pasutusta, 
painehapetusta (autoklaavihapetusta) tai biohapetusta. Pasutuksessa rikastetta 
kuumennetaan ja ilmastetaan 500–700 oC lämpötilassa. Menetelmä kuluttaa paljon 
energiaa ja tuottaa haitallisia yhdisteitä kuten arseenitrioksidia. Paineliuotuksessa 
käytetään 135–240 oC:n lämpötiloja ja korkeaa 7–29 bar:n painetta. Viipymäaika 
paineliuotuksessa on vain muutaman tunnin. Biohapetus on biohydrometallurgian 
menetelmä, joka vie enemmän aikaa, mutta on halvempi ja ympäristölle turvallisempi 
sekä teknisesti yksinkertaisempi toteuttaa kuin pasutus. Asidofiiliset bakteerit hapettavat 
ja liuottavat sulfidimineraalin, jolloin kulta vapautuu ja se saadaan reagoimaan syanidin 
kanssa ja muodostamaan kompleksin. 

BIOX™ on kaupallinen biohapetusprosessi. Vuonna 2009 BIOX™ -laitoksia oli 
yhteensä 11 maailmanlaajuisesti. BIOX™-prosessissa käytetään noin 20 % (w/v) 
lietetiheyttä ja se koostuu primaarireaktorista ja sekundaarireaktorista. Lietteen 
viipymäaika prosessissa on 4–6 päivää. Koska prosessi on biologinen, on se alttiimpi 
häiriötilanteille ja näin ollen prosessiparametrien optimointi on tärkeää. BIOX™            
-prosessi toimii lämpötiloissa 30–45 oC, joka on kompromissi optimaalisen 
hapetusasteen ja reaktoreiden jäähdytystarpeen kesken. Mesofiilisiä ja termofiilisiä 
mikrobeja voidaan käyttää sarjassa hapetustuloksen parantamiseksi, jolloin mesofiilit 
hapettavat sulfidimineraalin 70 %:sesti ja termofiilit jäljelle jäävän osuuden samalla 
poistaen syntyvät rikkiyhdisteet kuten alkuainerikin ja tiosulfaatin (S2O3

2-), jotka 
muuten lisäisivät syanidin kulutusta. Termofiilien käyttäminen vähentää 
jäähdytyskustannuksia, mutta myös lisää kustannuksia korroosion ja 
materiaalivaatimusten vuoksi.  

Prosessin kannalta pH on olennainen muuttuja, koska se vaikuttaa bakteerien 
aktiivisuuteen ja erilaisten sakkojen muodostumiseen.  Kun pH on >2.5, rauta 
muodostaa sakkoja, jolloin mineraalin liuotusta edistävä ferrirauta poistuu liuoksesta ja 
vähentää liuotusnopeutta. Siksi rikkikiisun ja arseenikiisun biohapetus tulisi tehdä pH-
alueella 1.8–2.0. Jos pH on <1, sulfidimineraalin hapetus vähenee ja lietteen 
vaahtoaminen lisääntyy. Korkea redox-potentiaali kuvaa prosessin Fe(III)/Fe(II)-
suhdetta. Kun redox-potentiaali on korkea, ferriraudan pitoisuus liuoksessa on suuri 
mikä edistää sulfidimineraalin liukenemista. Toisaalta alhainen redox-potentiaali ja 
alhainen rauta/arseeni-suhde voi aiheuttaa arseniitin muodostumista sekä sakkautumista 
epäpysyvämpänä kalsiumarseniittina.  
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Tyypillinen vaikeasti hyödynnettävän sulfidisen kultamineraalin biohapetusprosessi 
toimii 15–20 %:n lietetiheydellä. Liian suuri lietetiheys aiheuttaa bakteerisolujen 
rikkoutumista ja vaikeuttaa aineensiirtoprosesseja. Pieni partikkelikoko ja siitä seuraava 
suuri reaktiopinta-ala johtaa parempaan bioliuotustehoon, mutta toisaalta liian pieni 
partikkelikoko lisää partikkelien ja bakteerisolujen välistä hankautumista. Tämä on 
erityisen vahingollista varsinkin arkkibakteereille, joiden ulkorakenne on heikompi kuin 
bakteereilla. Biohapetusprosessin happipitoisuus on oltava vähintään 2 mgO2/l ja 
hapetus on suurin yksittäinen käyttökustannus. Asidofiiliset mikro-organismit 
tarvitsevat ravinteita, kuten typpeä, fosforia ja hivenaineita, kuten magnesiumia ja 
kaliumia. Sulfidimineraali sisältää yleensä tarvittavat hivenaineet. Hiilenlähteenä toimii 
ilman hiilidioksidi.  

Liuos, joka muodostuu biohapetuksen tuloksena ja sisältää rautasulfaattia ja 
arsenaattia As(V), neutraloidaan kalkilla kahdessa vaiheessa (pH 4–5 ja pH 6–8), jotta 
saadaan muodostettua pysyvä rauta(III)arsenaattisakka tai rautahydroksidisakka, johon 
arseeni adsorboituu. Kaivosteollisuuden liuokset, jotka sisältävät arseenia, käsitellään 
yleensä siten, että arseeni saostetaan liuoksesta raudan kanssa. Muodostuvat sakat ovat 
pysyviä, kun raudan ja arseenin moolisuhde liuoksessa on >4:1 ja pH on 4–7. Sakkojen 
pysyvyys kasvaa raudan ja arseenin moolisuhteen kasvaessa. 

Esikäsittelyn jälkeen kulta otetaan talteen jäännösrikasteesta syanidiliuotuksella. 
Prosessissa pH säädetään 10–12 lisäämällä kalkkia. Kulta muodostaa kompleksin 
syanidin kanssa, jolloin se voidaan ottaa talteen. 

Tässä työssä tutkittiin kultaa sisältävän flotaatiorikasteen biohapetusta. 
Biohapetuksen tarkoituksena oli tuottaa jäännösrikaste syanidiliuotusta varten. Lisäksi 
tehtiin bioliuotuskokeita talkkituotannon sivutuotteen nikkeli- ja gersdorffiittirikasteilla. 
Tutkimalla eri pH-arvojen vaikutusta arvometallien (Ni ja Co) sekä raudan ja arseenin 
liukenemiseen haluttiin selvittää, soveltuisiko rikasteille eri metallien suhteen valikoiva 
bioliuotus, jonka lopputuotteena saataisiin Ni- ja Co-pitoinen liuos ja Fe/As-pitoinen 
sakka. Bioliuotus ja biohapetuskokeet suoritettiin ravistelupulloissa ja panosreaktoreissa 
pH-arvoissa 1.8–3.2. Rikasteiden lietetiheys vaihteli välillä 1–10 % (w/v). 

Kultapitoisen flotaatiorikasteen (Kittilä-rikaste) haponkulutus oli alhainen 
bioliuotuksen tyypillisellä pH-alueella. Alustavat biohapetuskokeet olivat pullokokeita, 
joiden aloitus-pH oli noin 3 ja inkubointilämpötila 27 oC. Inkubointiaika vaihteli 52 ja 
100 päivän välillä ja ymppinä käytettiin kahta erilaista laboratorioviljelmää. 
Lisäravinteiden ja suhteellisen pitkien rikastus- ja sopeutumisvaiheiden jälkeen 
laboratorioviljelmät edistivät Kittilä-rikasteen hapettumista. Raudan ja arseenin saannot 
eivät parantuneet rikastusviljelmän sopeuttamisen myötä. 

Kittilän kaivosalueelta kerätyistä näytteistä rikastettiin mikrobeja kolmen eri 
substraatin avulla suorittaen kolme siirrostusta 28 päivän aikana. Kittilän 
rikastusviljelmä oli hyvin aktiivinen jo ensimmäisen sekä myös kolmannen 
rikastusvaiheen aikana myös silloin, kun substraattina oli vain Kittilä-rikastetta. Raudan 
ja arseenin saannot (34 % Fe, 65 % As) saavutettiin 7 päivän biohapetuksen jälkeen, 
mikä oli merkittävästi enemmän kuin laboratorioviljelmien saannot.  
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Kittilän rikastusviljelmää käytettiin pullokokeissa, joissa testattiin eri aloitus-pH:n 
(3.2, 2.5 ja 1.8) vaikutusta raudan ja arseenin liukenemiseen Kittilä-rikasteesta. 
Rikastusviljelmä hapetti Kittilä-rikastetta, ja aloitus-pH:lla oli huomattava vaikutus 
raudan ja arseenin liukenemiseen. Suurimmat saannot (72 % Fe ja 94 % As) saavutettiin 
aloitus-pH:lla 1.8.  

Lietetiheyden (1 %, 5 % ja 10 %) vaikutusta biohapetukseen ja metallisaantoihin 
tutkittiin pullokokeilla. 10 % lietetiheys hidasti biohapetusaktiivisuutta, joka näkyi 
alhaisena redox-potentiaalina. Rikastusviljelmä hapetti Kittilä-rikastetta 1 %:n ja 5 %:n 
lietetiheydellä, mutta 5 %:n lietetiheydellä raudan ja arseenin saannot olivat 
alhaisempia.  

Panosreaktorikokeet suoritettiin, jotta saataisiin riittävästi jäännösrikastetta 
syanidiliuotuskoetta varten. Reaktorien pH pidettiin 1.8:ssa ja lämpötila 27 oC:ssa 35 
päivän biohapetuksen ajan. Rauta- ja arseenisaannot 35 päivän jälkeen olivat 20 % Fe ja 
33 % As. Raudan ja sulfaatin pitoisuudet pienenivät 28. päivän jälkeen, mikä viittaisi 
rauta- ja sulfaattipitoisten sakkojen kuten jarosiitin muodostumiseen. Redox-potentiaali 
pysyi korkeana (n. 600 mV) ja ferroraudan pitoisuus alhaisena (alle 50 mg/l). 
Panosreaktoreissa 5 %:n lietetiheys ei rajoittanut bioaktiivisuutta kuten pullokokeissa. 
Kullan saannoksi syanidiliuotuksella jäännösrikasteesta saatiin 36 %. 

Eri aloitus-pH:n vaikutusta nikkelirikasteen bioliuotukseen ja eri metallien (Ni, Co, 
Fe, As) liukenemiseen testattiin pullokokeilla. Laboratorioviljelmä, jota oli käytetty 
bioliuotuskokeissa pH:ssa 3.0, liuotti rikastetta myös pH:ssa 1.8. Alhainen pH 1.8 lisäsi 
nikkelin, koboltin, raudan sekä arseenin saantoja (28 % Fe, 60 % Ni, 49 % Co ja 33 % 
As). pH:ssa 3.0 metallien saannot olivat seuraavat: 12 % Fe, 31 % Ni, 31 % Co ja 11 % 
As).  

Eri aloitus-pH:n vaikutusta gersdorffiittirikasteen bioliuotukseen ja eri metallien 
(Ni, Co, Fe, As) liukenemiseen testattiin pullokokeilla käyttäen lisäravinteena 
ferrorautaa ja alkuainerikkiä. Käytetyn viljelmän bioliuotyskyky oli alhainen.  

Bioliuotuksen ja biohapetuksen bakteeriyhteisöjä tutkittiin kokeiden aikana. 
Rikastusviljelmissä esiintyi asidofiilisia rautaa ja rikkiä hapettavia bakteereja. 
Acidithiobacillus ferrooxidans ja Alicyclobacillus sp. esiintyivät kaikissa 
rikastusviljelmissä. Acidithiobacillus caldus esiintyi nikkeli- ja gersdorffiittirikasteiden 
bioliuotusviljelmissä mutta ei Kittilän rikastusviljelmässä. Thiomonas 
cuprina/Thiomonas arsenivorans esiintyi nikkelirikasteen liuotukseen käytetyssä 
rikastusviljelmässä ja Kittilän rikastusviljelmässä. Kittilän rikastusviljelmässä esiintyvät 
bakteerit olivat Acidithiobacillus ferrooxidans, Alicyclobacillus sp. sekä 
Acidithiobacillus ferrivorans. 

Näiden tulosten perusteella Kittilä-rikastetta on mahdollista esikäsitellä 
biohapetuksella. Parhaimmat biohapetustulokset saavutettiin rikastusviljelmällä, jonka 
alkuperä oli Kittilän kaivosalueen sivukivikasa. Pullokokeiden perusteella biohapetus 
tulisi suorittaa pH-alueella 1.5–1.8. Lietetiheyden kasvu vähensi biohapetuksen 
aktiivisuutta. Panosreaktoreissa muodostui sakkaa kokeen loppupuolella vaikka pH oli 
1.8. Bioliuotuskokeissa pH:n lasku lisäsi metallisaantoja nikkelirikasteesta. 



 VIII 

Bakteeriviljelmä, jota käytettiin gersdorffiitin bioliuotukseen, ei ollut aktiivinen. 
Jatkokokeissa käyttäen erilaisia nikkeli- ja gersdorffiittirikasteiden suhteita, tulisi testata 
bioliotuksen rikasteen rauta/arseeni-suhdetta, joka olisi optimaalisin selektiiviselle 
bioliuotukselle. Tulevaisuudessa sakkojen muodostumiseen biohapetuksen ja 
bioliuotuksen yhteydessä tulisi kiinnittää enemmän huomiota. Biohapetuksen aikana 
muodostuvat sakat lisäävät syanidin kulutusta ja heikentävät kullan saantoa. Tämän 
lisäksi bioliuotuksessa ja biohapetuksessa muodostuvien arseenipitoisten liuosten ja 
sakkojen arseenin hapetusaste (+3 tai +5) vaikuttaa niiden pysyvyyteen ja 
haitallisuuteen.   
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1. INTRODUCTION 

The global demand for metals continues to increase. However, the discoveries of new 
metal deposits have declined and the new deposits are of lower grade and increasing 
complexity. Therefore processing methods for low grade and low quality concentrates 
are limited to those methods that are economically practical in processing these 
resources. Thus, in the future the mining activities are likely to be directed more 
towards lower-grade, lower-quality and complex ores such as arsenic-bearing and 
refractory gold ores. (Brierley 2008; Bruckard et al. 2010; Morin 2008; Rawlings et al. 
2003) 

Commercial applications of biohydrometallurgy have advanced due to favorable 
process economics and in some cases reduced environmental problems compared to 
conventional metal recovery processes such as smelting (Olson et al. 2003; Rawlings et 
al. 2003). These advantages are especially emphasized when extracting metals from 
low-grade deposits (Rawlings et al. 2003). 

Arsenic inflicts challenges on the mineral processing and disposal of waste materials 
due to the increasingly extensive treatment of complex ores, the high toxicity and 
environmental requirements of arsenic-containing by-products. Therefore the extraction, 
stabilization and safe disposal of arsenic is a current and active area of study. (Grund et 
al. 2008) 

This thesis is concerned with the bioleaching and bio-oxidation of three different 
arsenic-containing flotation concentrates. The aims were to study the bio-oxidation of a 
gold-containing flotation concentrate and to continue investigations into bioleaching of 
flotation side-products of talc production. Bio-oxidation experiments were performed in 
shake flasks and batch reactors at pH range 1.8–3.2 and the pulp density varied from 1 
% to 10 %. The study aimed to the bio-oxidation of the concentrate, dissolution of iron 
and arsenic and subsequently the liberation of gold from the mineral matrix. 
Bioleaching experiments were performed using pH range of 1.8–3.0. The effect of 
different pH on the dissolution and precipitation of iron, nickel, cobalt and arsenic were 
studied.  
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2. ARSENIC-CONTAINING METAL DEPOSITS 
IN FINLAND 

The mean arsenic concentration of the bedrock in Finland is below 10 mg/kg. However, 
in a number of metal-containing ore deposits, the arsenic content is 10–1000 times 
higher than that in the bedrock. The main valuable metal deposits in Finland and their 
mineralogy are presented in Table 2.1. Arsenic-containing minerals are often associated 
with gold (Table 2.1) but high arsenic concentrations are discovered also with copper 
and zinc ores and sometimes with nickel. Nickel and arsenic-containing minerals such 
as gersdorffite (NiAsS), maucherite (Ni11As8) and nickeline (NiAs) can notably increase 
the arsenic concentrations of nickel deposits. (Eilu & Lahtinen 2004) Often in Finland, 
nickel comes from the talc mines as a by-product. (Geological Survey of Finland 2011)  

Geological activities such as hydrothermal processes and chemical and physical 
erosion act to concentrate gold into minable ore deposits. The mineral content of a 
deposit is influenced by bed rock, solution chemistry, temperature and pressure. Gold 
occurs in a variety of geologic environments with average concentration of 0.003–0.004 
parts per million and concentrations from 0.69 ppm (parts per million) to 1.37 ppm are 
considered economically recoverable whilst the economy is dependent on the mining 
method, total quantity and quality, but also the geological setting of the deposit. (U.S. 
EPA 1994)  

The main gold provinces in Finland are the Archaean greenstone belts in eastern 
Finland, the Palaeoproterozoic Karelian greenstone belts in Lapland and the 
Palaeoproterozoic Svecofennian schist belts in central and southern Finland. 
(Geological Survey of Finland 2007) Styles of gold mineralization recognized in 
Finland include orogenic, metamorphosed epithermal, skam- or iron oxide-copper-gold, 
intrusion-related, massive sulfide-hosted, palaeoplacer and young supergene and 
alluvial deposits. (Eilu et al. 2007) 

Figure 2.1 shows a clear correlation of gold and arsenic in bedrock. The majority of 
gold deposits in Finland belong to the orogenic deposits. The orogenic deposits can be 
categorized by their valuable composition to these subcategories: Au, Au-Cu, Au-Cu-
Co±U and Au-Sb. From these the most predominant is Au-deposits where the gold is 
the only significant valuable. Arsenopyrite (FeAsS) is the most common arsenic-bearing 
mineral in orogenic deposits where the arsenic proportion can be as high as 2 percent. 
(Eilu & Lahtinen 2004) Most gold-bearing ores contains some amount of sulfur 
minerals (U.S. EPA 1994).  
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Table 2.1. Main valuable metal deposits in Finland and the main minerals associated with them 
(Geological Survey of Finland 2011). Abbreviations: Alt=Altaite, Apy=Arsenopyrite, Bn=Bornite, 
Ccp=Chalcopyrite, Gn=Galena, Ger=Gersdorffite, Ilm=Ilmenite, Lo=Loellingite, Mag=Magnetite, 
Ml=Millerite, Po=Pyrrhotite, Pn=Pentlandite, Py=Pyrite, Rt=Rutile, Tro=Troilite, Sp=Sphalerite, 
Vl=Violarite. Arsenic-containing minerals are shown in bold.  

Location  Quantity of valuable metal  Main minerals 

Suurikuusikko  132 t Au  Apy, Py, Ger 

Laivakangas  20 t Au  Apy, Lo, Po, Ccp, Py 

Haveri  4.2 t Au, 6 000 t Cu  Po, Mag, Ccp, Py 

Kutemajärvi  22.6 t Au  Alt, Py, Apy 

Pahtavaara  15.2 Au  Mag, Py, Ccp, Rt 

Kopsa  14 t Au, 45 000 t Cu, 100 t Ag  Ccp, Apy, Po 

Jokisivu  10 t Au  Po, Ilm, Apy, Ccp, Lo 

Pampalo  8.1 t Au  Py, Rt, Ccp, Po, Gn 

Osikonmäki  4.4 t Au  Po, Apy, Lo, Ccp 

Keivitsa  1 252 800 t Ni  Po, Tro, Ccp, Pn 

Hitura  117 180 t Ni  Po, Pn, Ccp, Mag 

Vaaralampi  31 000 t Ni  Po, Ccp, Pn, Py 

Ruossakero  21 840 t Ni  Ml, Py, Vl, Ccp 

Haarakumpu  15 912 t Cu, 7 722 t Co  Cobaltian Py, Po, Ccp 

Hoikka  1 000 t Cu, 300 t Ni  Po, Ccp, Py 

Karankalahti  3 774 t Cu  Py, Mag, Ccp, Po 

Kettukumpu  1320 t Cu, 540 t Ni, 210 t Co  Po, Ccp, cobaltian Pn, Sp 

Kylylahti  104 940 t Cu, 20 150 t Co, 16790 t Ni  Py, Po, Ccp, Sp, cobaltian Pn 

Perttilahti  28 380 t Cu, 2 112 t Co  Po, Ccp, Sp, Py, cobaltian Pn 

Tupala  29 300 t Zn, 5 400 t Pb, 30 t Ag  Py, Sp, Gn, Po 

Salo‐Issakka  29 700 t Zn, 6 000 t Cu, 25 t Ag  Po, Py, Sp, Ccp  

Vuohtojoki  18 200 t Zn, 2 100 t Cu, 7 t Ag  Po, Py, Sp, Ccp  

Viholanniemi  5 532 t Zn, 430 t Cu, 11 t Ag  Sp, Ccp, Gn, Py, Po 

 
Known resources of free-milling gold ores are diminishing and many of the newly 

discovered deposits consist of refractory ores (Climo et al. 2000; Henao & Godoy 
2010). When the gold is capsulated inside sulfide crystal lattice such as pyrite and 
arsenopyrite it is called single refractory ore (McMullen & Thomas 2002). The second 
type of refractory component refers to the preg-robbing nature of the ore, which is 
mostly due to the total carbonaceous matter or organic carbon of the ores that restrain 
the gold to be extracted with activated carbon. (Grund et al. 2008; McMullen & Thomas 
2002) 

Central Lapland has more than 60 drilling-indicated gold occurrences which belong 
to the orogenic gold deposit group. Of those deposits, 14 have economical or nearly 
economical value. (Eilu et al. 2007; Hölttä et al. 2007) Deposit types detected include 
the orogenic, iron oxide-copper-gold and palaeoplacer type (Eilu et al. 2007).  
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Figure 2.1. Arsenic content in gold deposits in Finland (Eilu & Lahtinen 2004). 
 

Of particular interest in this study is the Suurikuusikko deposit (indicated in Figure 
2.1). It is a part of the Central Lapland greenstone belt and is the largest deposit in 
northern Europe (estimated to contain ~150 tonnes of gold; Agnico-Eagle Mines 2010). 
The deposit is located approximately 50 kilometres northeast of the town Kittilä 
(Patison et al. 2007). The mineral resources are estimated as 33 million tons of gold ore 
with an average grade of 4.6 grams gold per tonne (Agnico-Eagle Mines 2010). The 
gold in the deposits is considered refractory as gold is in the lattice of and as tiny 
inclusions (1 µm–100 µm) in the sulfide minerals (71 % in arsenopyrite and 22 % in 
pyrite). The gold is found in both thin veins and altered host rock. (Geological Survey 
of Finland 2007) 

Suurikuusikko deposit 
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3. MINERALOGY AND BIOCHEMISTRY OF 
ARSENIC-CONTAINING MATERIALS 

Mineralogy of arsenic-containing materials 

Arsenic is a toxic, naturally occurring element which natural concentrations rarely 
exceed 10 mg/kg. Higher concentrations of arsenic are usually caused by natural 
enrichment or anthropogenic pollution such as mining activities. Flotation is a mining 
process which aims to concentrate the metals but also concentrates arsenic. (Krysiak & 
Karczewska 2007) Arsenic is a constitutive of more than 300 natural minerals 
(Simeonova et al. 2005). In those minerals, arsenic occurs mainly as sulfides usually in 
association with ores containing iron, copper, lead, zinc, gold and silver (Polmear 
1998).  

Typical arsenic-containing minerals include orpiment (As2S3), realgar (AsS), 
arsenopyrite (FeAsS), loellingite (FeAs2), nickeline (NiAs), gersdorffite (NiAsS), 
cobaltite (CoAsS), energite (Cu3AsS4), tennantite (Cu12As4S13) and sperrylite (PtAs2). 
(Filippou et al. 2007; Grund et al. 2008; Krysiak & Karczewska 2007; Matschullat 
2000; Polmear 1998; Rivas et al. 2009; Santini et al. 2000). The main types of arsenic 
deposits and their mineralogy are presented in Table 3.1. The valuable nickel and cobalt 
metal deposits that are associated with arsenic have approximately 2.5 % of arsenic 
whereas the arsenic sulfide gold deposits have an arsenic content below 0.5 % (Table 
3.1). 

The most commonly occurring natural arsenic mineral is arsenopyrite. It is mainly 
associated with other sulfides such as galena (PbS), sphalerite (ZnS), chalcopyrite 
(CuFeS2) and pyrite (FeS2) and is frequently the gold-bearing mineral in refractory 
sulfide gold ores. (Lázaro et al. 1997) The presence of arsenic in mineral concentrates 
markedly diminishes their value and complicates the metal extraction (Makita et al. 
2004). Therefore it is common in mining and minerals processing to produce dirtier 
concentrates that have higher arsenic content. For example the tolerable arsenic content 
of zinc concentrates for hydrometallurgical zinc recovery is limited to about 0.8 % and 
therefore the arsenic content of the mineral must be decreased for example with 
flotation techniques. Another example is that the nickel concentrate which has an 
arsenic content up to 5 %, is processed to accomplish a saleable product. Pentlandite 
((Fe,Ni)9S8) is separated from As-containing nickeline (NiAs) and gersdorffite (NiAsS) 
by advanced flotation with a combination of grinding, aeration and NaCN depression. 
(Grund et al. 2008) However, at the same time also valuable metals are removed with 
arsenic from the concentrate. 
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Table 3.1. Arsenic deposits and their mineralogy (modified from Mandal & Suzuki 2002).  

Type of deposit Arsenic mineral(s) Arsenic
content  
(%) 

Location 

Enargite‐bearing  
copper‐zinc‐lead 
deposits 

Enargite [Cu3AsS4]  0.1  

United States, 
Argentina, Chile, Peru, 
Mexico, Philippines, 
Spain, Russia 

Arsenical pyritic 
copper deposits 

Arsenopyrite [FeAsS], tennantite 
[Cu12As4S13] 

4.0  
United States, Sweden, 
Germany, Japan, 
France, Russia 

Native silver and 
nickel‐cobalt arsenide  
bearing deposits 

Smaltite [(Co,Fe,Ni)As2], domeykite 
[Cu3As], safflorite [(Co,Fe)As2], 
rammelsbergite [NiAs2], cobaltite 
[CoAsS], nicceline [NiAs],  
loellingite [FeAs], arsenopyrite 
[FeAsS] 

2.5  

Canada, Norway, 
Germany,  
Czech Republic, 
Slovakia 

Arsenical gold 
deposits 

Arsenopyrite [FeAsS],  
loellingite [FeAs] 

<0.5 

United States, Brazil, 
Canada, South Africa, 
Australia, Russia,  
Finland1, Ghana2, 
Peru2, Kazakhstan2, 
China2, Uzbekistan2 

Arsenic sulfide and  
arsenic sulfide gold 
deposits 

Realgar [As4S4], orpiment [As2S3]  0.2   United States, China 

Arsenical tin deposits  Arsenopyrite [FeAsS]  0.2  
United States, Bolivia, 
Australia, Indonesia, 
Malaysia, South Africa 

Arsenical quartz, 
silver and lead‐zinc 
deposits 

Arsenopyrite [FeAsS]  0.6   United States, Canada 

1Geological Survey of Finland 2011 
2 van Niekerk 2009 

 
Within arsenopyrite, arsenic occurs in a variety of oxidation states that are the result 

of a combination of the redox and pH of the environment (Figure 3.2). The most 
common oxidation states of inorganic arsenic are -3, 0, +3 and +5. (Grund et al. 2008) 
In solution the different forms of As(III) (arsenite) are H3AsO3 (pH 2-9), H2AsO3

- (pH 
9-12), HAsO3

2- (pH 12-14) and AsO3
3-. The different soluble forms of As(V) (arsenate) 

are H3AsO4, H2AsO4
-, HAsO4

2- and AsO4
3- (Table 3.3; Jones 2007) 
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Figure 3.2. Redox potential and pH diagram (Eh-pH) for arsenopyrite. According to the diagram, 
arsenopyrite reacts chemically at pH <2 to form As2S2 and Fe(II). (Lázaro et al. 1997) 

 
Table 3.3. The soluble and insoluble species of arsenic (Modified from Simonton et al. 2000). 

 

Biochemistry of arsenic-containing materials – interaction of microorganisms and 
arsenic-containing materials 

In nature, microorganisms respond to arsenic in the environment in many ways such as 
chelation, compartmentalization, exclusion and immobilization (Tsai et al. 2009), and 
the mobilization of arsenic is driven by microbially mediated biogeochemical 
interactions. The microbial processes involved in arsenate reduction, arsenite oxidation 
(Oremland & Stolz 2003; Santini et al. 2000) and mobilization are many times faster 
than the chemical transformations. (Bhattacharya et al. 2007) Microbes reduce arsenate 
to arsenite via detoxification or respiration processes. Bacteria can use arsenite as an 
electron donor for respiratory processes with either oxygen (oxidation) or nitrate as 
electron acceptor (reduction); in addition arsenate can serve as a terminal electron 
acceptor with a variety of electron donors. (Bhattacharya et al. 2007; Routh et al. 2007) 
Chemolithoautotrophic arsenite oxidation has been described for organisms isolated 
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from gold mines and from acid mine drainage environments. (Corkhill & Vaughan 
2009; Santini et al. 2007) These organisms use oxygen as the terminal electron 
acceptor, arsenite as the electron donor and carbon dioxide as the sole carbon source 
(Santini et al. 2007).  

In addition to bacterial activities, environmental arsenic mobility is dependent on the 
binding of arsenic to heavy metal oxides resulting in the formation of 
thermodynamically stable inner-sphere complexes. Arsenate binds more strongly than 
arsenite with the metal oxides of iron and manganese (Mn). However, these binding 
mechanisms are dependent on the pH and redox potential of the environment. 
Adsorption affinity for arsenate is higher at low pH and for arsenite, at higher pH 
values. Under acidic conditions (pH <4), arsenic dissolves and arsenic mobility 
increases due to mineral dissolution, proton competition for surface binding sites and 
increased surface potential. Similarly, an increase in pH can result in desorption of 
arsenic due to the lower stability of otherwise stable metal oxide arsenic complexes. 
This is especially emphasized in a reducing environment due to the dissolution of iron 
oxides and hydroxides. When the pH is around 5–6 and iron concentration greater than 
arsenic (usually when the iron concentration is 10–50 times that of arsenic), most of the 
arsenic is removed from solution due to precipitation of iron as its hydroxides and the 
co-precipitation of arsenic on to the solid matrix (Al-Abed et al. 2007). 

3.1. Bio-oxidation of iron and arsenic-containing minerals  

Chemolithotrophic acidophilic bacteria are able to oxidize inorganic substrates such as 
sulfides, elemental sulfur, ferrous iron and arsenic and subsequently obtain chemical 
energy in the form of adenosine triphosphate (ATP). Sulfidic ores such as pyrite, 
arsenopyrite, pyrrhotite, chalcopyrite, chalcocite, covellite, stibnite, pentlandite and 
galena serve as substrates for acidophilic bacteria (Olson et al. 2003). The carbon 
source for the biosynthesis of cellular biomass is met by CO2 in the air or from 
dissolution of carbonate minerals in the ore (Groza et al. 2008). Acidophilic micro-
organisms oxidize ferrous iron (Fe2+) to ferric iron (Fe3+) and in this reaction O2 is the 
electron acceptor. This Fe2+/Fe3+ redox couple has a standard reduction potential of 
+770 mV at pH 2. In addition to this energy source, many acidophilic bacteria are 
capable of oxidizing sulfur. The final product of oxidation is sulfate (SO4

2-) which can 
combine with hydrogen produced by sulfur-oxidizer resulting in the formation of 
H2SO4. (Corkhill & Vaughan 2009) 

A selection of characterized, naturally occurring bacteria pertinent to this study, and 
that are able to bioleach and bio-oxidize sulfidic minerals is presented in Table 3.4. The 
mesophilic micro-organisms Acidithiobacillus ferrooxidans (iron- and sulfur-oxidizer), 
Acidithiobacillus thiooxidans, Acidithiobacillus caldus (sulfur-oxidizers) and 
Leptospirillum ferrooxidans (iron-oxidizer) are very efficient at bio-oxidation. (Groza et 
al. 2008) Other micro-organisms that have been shown to oxidize arsenopyrite are 
Pseudomonas arsenitoxidans and species of the  thermophilic archaea Sulfolobus. In 
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acidic media, oxidation of arsenopyrite is irreversible whereas the oxidation of pyrite, 
pyrrhotite, galena and chalcopyrite is reversible. (Lázaro et al. 1997)  

 
Table 3.4. Commonly occurring micro-organisms in bioleaching and bio-oxidation and their properties.  

   Oxidizes  Optimal range    

Micro‐organism  Fe2+  S0  T (oC)  pH  Reference 

Acidianus brierleyi (Archaea)  +  +  45 75  1.0 6.0  1,9,11,13 

Acidithiobacillus albertensis  ‐  +  25 30  2.0 4.5  1,9,10,11 

Acidithiobacillus caldus  ‐  +  32 52  1.0 3.5  1,2,5,9,10,11,13,15 

Acidithiobacillus ferrivorans  +  +  4 37  1.9 3.4  2.13 

Acidithiobacillus ferrooxidans  +  +  2 37  1.3 4.5  1,2,3,5,6,7,8,9,10,11,13,15,16 

Acidithiobacillus thiooxidans  ‐  +  2 37  0.5 5.5  1,2,3,5,8,9,10,11,13,15 

Alicyclobacillus disulfidooxidans  +  +  4 40  0.5 6.0  1,12,14 

Alicyclobacillus tolerans  +  +  <20 55 1.5 5.0  1,12,14 

Ferroplasma acidiphilum (Archaea)  +  ‐  15 47  1.3 2.2  1,8,9 

Leptospirillum ferriphilum  +  ‐  30 37  1.3 1.8  1,5,6,7,8,9,13 

Leptospirillum ferrooxidans  +  ‐  2 37  1.1 4.0  1,3,5,6,7,8,9,13,15 

Sulfobacillus acidophilus  +  +  <30 55 ~2  1,8,9,11,13,14 

Sulfobacillus sibiricus  +  +  17 60  1.1 3.5  1.9 

Sulfobacillus thermosulfidooxidans  +  +  20 60  1.5 5.5  1,8,9,11,13 

Sulfobacillus thermotolerans  +  +  20 60  1.2 5  1.9 

Sulfolobus metallicus (Archaea)  +  +  50 75  1.0 4.5  1,4,9 

Thiomonas cuprina  ‐  +  20 45  1.5 7.2  1 

1) Schippers 2007  
2) Hallberg et al. 2010 
3) McMullen & Thomas 
2002 
4) Nemati et al. 2000  
5) Corkhill & Vaughan 2009  

6) Rawlings 2008  
7) Groza et al. 2008  
8) Baker & Banfield 2003  
9) Karavaiko et al. 2006  
10) Kelly & Wood 2000  
11) Johnson 1998  

12) Yahya et al. 2008 
13) Cárdenas et al. 2010  
14) Joe et al. 2007  
15) Rawlings et al. 1999  
16) Yu et al. 2001 

 
In order to achieve complete bio-oxidation of sulfide minerals, both iron- and sulfur-

oxidizing bacteria are needed. Iron-oxidizing bacteria produce ferric iron from ferrous 
iron whereas the ferric oxidation of, for example – pyrite, generates thiosulfate, which 
can be biologically or chemically oxidized to sulfuric acid. In the case of arsenopyrite, 
elemental sulfur is produced via polysulfide intermediates. Sulfur-oxidizing bacteria are 
important for the reduction of sulfur, and they can improve the oxidation efficiency of 
arsenopyrite. (Olson et al. 2003) 

The main arsenopyrite oxidation reactions catalyzed by bacteria are presented in 
equations 3.1.a and 3.1.b (Corkhill & Vaughan 2009). The bacterial oxidation of pyrite 
is presented in equation 3.2 (Groza et al. 2008; Nyombolo et al. 2000). The oxidation of 
arsenopyrite consumes acid but the oxidation of pyrite produces acid. Bio-oxidation of 
arsenopyrite solubilizes arsenic and iron as arsenite and ferrous-iron, respectively. 
Subsequently and depending on the conditions, the arsenite can be oxidized to arsenate 
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by acidophilic bacteria. After that, the precipitation of ferric arsenate can occur. 
(Corkhill & Vaughan 2009) 
 

(3.1.b)                          2235.52 43322 FeSOAsOHOHOFeAsS 

   (3.2)                          222154 42342222 SOHSOFeOHOFeS   

 
Two mechanisms of bioleaching have been proposed. In the (i) indirect mechanism, 

bacteria assist the chemical leaching of the surface using an inorganic reaction. The 
leaching agent (Fe3+) is produced by oxidation of ferrous iron from the mineral surface 
and its subsequent release into solution. The high Fe3+ concentration keeps the redox 
potential value high and subsequently ensures that leaching of mineral continues. (Breed 
et al. 2000; Corkhill & Vaughan 2009; Olson et al. 2003)  

The second method is the (ii) direct mechanism in which bacteria are attached to the 
mineral surface (Breed et al. 2000; Corkhill & Vaughan 2009; Olson et al. 2003). This 
mechanism is dependent on an extra-cellular polymeric substance (EPS) which contains 
complexed Fe3+ ions and that act as a “reaction space” to facilitate bacterial leaching 
(Corkhill & Vaughan 2009; Olson et al. 2003). EPS consists of neutral sugars, 
glucuronic acid, saturated fatty acids and in the case of Fe2+ ion grown cells, Fe3+ ions. 
EPS has been found to be produced by all strains of Acidithiobacillus ferrooxidans, 
Acidithiobacillus thioxidans, Leptospirillum ferrooxidans and Leptospirillum 
ferriphilum. It is suggested that EPS has the main influence on the attachment of cells to 
the mineral surface. However, this attachment of bacteria does not occur immediately 
due to an acid dissolution process that modifies the mineral structure and promotes a 
preferential dissolution of Fe2+, which is a more available source of energy than mineral 
surface. It is also argued that the attachment of cells is likely due to a binding protein, 
such as apo-rusticyanin. (Corkhill & Vaughan 2009) The terms direct, indirect, contact 
and non-contact bioleaching are used inconsistently in the literature; however, the 
descriptions of the different mechanisms are similar (e. g. Corkhill & Vaughan 2009 
and Rohwerder & Sand 2007). 

The chemical oxidation of pyrite is known to occur due to acid-generating, 
exothermic redox reactions in which ferric iron is reduced to ferrous iron and sulfide is 
oxidized to sulfur or sulfate. The incomplete oxidation of the sulfide component of 
pyrite has been attributed to the deposition of a layer of sulfur on the mineral surface 
that hinders the access of ferric iron. However, in bio-oxidation the sulfur layer is 
oxidized by bacteria. (Climo et al. 2000) Bio-oxidation of pyrite (FeS2) produces 
acidity, heat and dissolved iron (Olson et al. 2003). The chemical ferric iron leaching 
and the bioleaching of sulfide minerals is dependent on the surface area of the mineral 
(Breed et al. 2000).  

Typically, arsenopyrite is more rapidly bio-oxidized than pyrite (Ciftci & Akcil 
2010; Climo et al. 2000; Fomchenko et al. 2010; Henao & Godoy 2010; Sedelnikova et 

(3.1.a)                         )(2272 3424322 SOFeAsOHOHOFeAsS 
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al. 1999). Corkhill et al. (2008) have argued that the elemental oxidation rates for As, 
Fe and S in the presence of acidophilic bacteria are in the order of As>S>Fe (Corkhill et 
al. 2008).  

Acidophilic bacteria such as Acidithiobacillus ferrooxidans and Thiomonas sp. can 
catalyze the precipitation of iron oxy-hydroxides which are able to incorporate arsenic 
within their structure or adsorb on the surface. (Duquesne et al. 2003; Morin et al. 2003) 
During the bio-oxidation of arsenopyrite and pyrite, the precipitates of iron, arsenic and 
sulfate are formed. These include ferric arsenate, elemental sulfur, amorphous ferric 

arsenate (FeAsO4 xH2O), jarosite (KFe3(SO4)2(OH)6), scorodite (FeAsO4 2H2O), 

schwertmannite (Fe8O8(OH)5.5(SO4)1.25), ferrihydrite (Fe5HO8 4H2O), calcium arsenate 
(Ca3(AsO4)2) and goethite (FeOOH). (Asta et al. 2009; Ciftci & Akcil 2010; Daus et al. 
1998; Duquesne et al. 2003; Egal et al. 2009; Sedelnikova et al. 1999) These iron 
oxides and oxy-hydroxides and especially calcium arsenate are poorly ordered and 
unstable (Asta et al. 2009; Sedelnikova et al. 1999). However, the solubility of 
precipitates decreases resulting in more stable precipitates when the Fe/As molar ratio 
increases above 4. On the contrary, Fe/As molar ratio below 4 results in the formation 
of unstable calcium arsenates (Jia & Demopoulos 2008). The rate of precipitation of 
ferric arsenate is much higher than that of jarosite (Sedelnikova et al. 1999). 

3.2. Bio-oxidation and reduction of arsenic 

Arsenic can act as an electron donor or acceptor. More than 30 species of arsenite 
oxidizing bacteria have been described and only seven of these are 
chemolithoautotrophs. Arsenite and arsenate are taken up by using the glycerol and 
phosphate transporter, respectively, due to the similarities of their chemical structure. 
Microorganisms use the enzyme As(III) oxidase to oxidize arsenite to arsenate. 
Probably the role of this enzyme is to be a part of the resistance mechanism to transform 
arsenic to a less toxic form. However, some chemolithotrophic bacteria can also extract 
energy from oxidizing arsenite. (Tsai et al. 2009) For example, many Thimonas species 
are able to gain energy by oxidizing As(III) (Battaglia-Brunet et al. 2006; Duquesne et 
al. 2008). 

3.3. Bacterial resistance to arsenic 

Bacterial resistance to arsenic is an important aspect because the bacteria that are used 
in bioleaching and bio-oxidation of arsenic-containing concentrate have to thrive in 
conditions of high concentrations (grams/litre) of arsenic. Both arsenite and arsenate are 
toxic to most forms of life because arsenate inhibits ATP synthesis and arsenite 
inactivates proteins by binding to sulfhydryl groups (Santini et al. 2007). However, 
many bacteria have developed different arsenic detoxification machineries such as 
active extrusion of arsenic, and biotransformation of arsenic to less toxic forms. (Tsai et 
al. 2009) Wolfe-Simon et al. (2010) reported the characterization of a bacterium from a 
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hypersaline, alkaline water body with high dissolved arsenic concentrations that is 
capable of substituting arsenic for phosphorus in its basic biomolecules such as nucleic 
acids and proteins (Wolfe-Simon et al. 2010). 

The genes that encode the proteins involved in arsenic resistance have been most 
intensively studied in Escherichia coli. These genes are either plasmid or 
chromosomally borne. Many bacteria possess an arsenic resistance mechanism based on 
the ars operon. (Tsai et al. 2009) This operon consists of five genes (arsRDABC). The 
arsC gene encodes arsenate-reductase, arsA and arsB encode arsenite efflux pumps and 
arsR and arsD regulate the ars operon. The arsenate-respiring microorganisms can use 
different electron donors such as acetate and hydrogen and they range from mesophiles 
to extremophiles. (Bhattacharya et al. 2007)  

Arsenite can be extruded via an arsenite carrier protein or via an arsenite efflux 
pump arsB. Arsenite carrier protein exploits the membrane potential for energy while 
arsB utilizes the energy provided by the ATPase arsA via ATP hydrolysis. The majority 
of prokaryotes utilize both arsA and arsB but some bacteria can suffice only with arsB. 
(Tsai et al. 2009) 

In Acidithiobacillus caldus (strain KUT, DSMZ 8584; van Zyl et al. 2008) 
transposon-encoded ars enable much higher levels of arsenic resistance than 
chromosomally encoded ars genes. When Acidithiobacillus caldus ars genes were 
inactivated using a kanamycin resistance gene, the strain became highly sensitive to 
arsenic. (Rawlings 2008)  
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In the soil environment, methylation of arsenic is often suggested to act as a 
detoxification method for microbes. The methylation occurs via alternating reduction of 
pentavalent arsenic to trivalent and addition of a methyl group (Vahter 2002). On the 
other hand, some microbes can demethylate organic forms back to inorganic species and 
even biotransform water-soluble arsenic species to gaseous arsines. Although 
methylation can be considered as a detoxification mechanism, not all methylated arsenic 
products are less toxic. (Tsai et al. 2009) Figure 3.3 illustrates this arsenic cycle and 
especially the microbial transformations that occur in soil. (Turpeinen et al. 2002) 

 

 
Figure 3.3. Microbial transformation and the cycle of arsenic in soils and atmosphere (Turpeinen et al. 
2002). MMA/DMA/TMA=mono-/di-/trimethylarsine, MMAA/DMAA=mono-/dimethylarsonic acid, 
TMAO=trimethylarsine oxide 
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4. RECOVERY OF VALUABLE METALS FROM 
ARSENIC-BEARING MATERIALS IN MINING 
PROCESSES 

4.1. Arsenic and the recovery of valuable metals 

Selection criteria for the extraction of valuable metals from ores are based on maximum 
ore recovery, efficiency, economy and the character of the ore body (U.S. EPA 1994). 
Arsenic is associated with valuable metals in low grade refractory materials (section 3.). 
Thus, during processing and concentration of low grade valuable metals, the closely 
associated arsenic also becomes concentrated. Arsenic-containing products can 
accumulate in the material circuits of the processing plant and due to the toxicity of 
arsenic, must be removed. These actions are expensive and special measures must be 
taken to stabilize and concentrate these materials for disposal or storage. Most arsenic 
raw materials are by-products from the dressing and smelting of arsenical ores. (Grund 
et al. 2008) 

Historically, traditional methods of processing (smelting and heating) liberated 
arsenic into the atmosphere. Environmental regulations and the available materials have 
forced the mining industry to improve on these methods and hydrometallurgical 
advances have made it possible to use cleaner and more efficient wet extraction 
methods to process arsenic-bearing materials (Jones 2007), whilst bio-oxidative 
methods can be utilized to treat low grade and complex concentrates.  

Free milling ores require only physical pretreatment, such as crushing or grinding to 
liberate the gold for cyanidation. Refractory gold ores, especially when contained with 
arsenopyrite (Spry et al. 2004), require a pretreatment such as roasting, pressure 
oxidation or fine grinding. (Climo et al. 2000) Also chemical oxidation, microwave 
energy and bio-oxidation can be used. These methods are used before cyanidation to 
make the gold more amenable to cyanide leaching. (Spry et al. 2004)  

Arsenopyrite complicates the extraction of precious metals such as gold and silver. 
Although the metals are not chemically bound to the arsenic, separation by selective 
flotation is not satisfactory. Research is still focused on improving the separation of 
refractory gold ores and arsenical minerals by means of ore dressing, but in the case of 
refractory gold ores the limit of flotation and other classical ore dressing techniques has 
been reached. One solution to this can be the novel methods of hydrometallurgy such as 
autoclaving and bio-oxidation. (Grund et al. 2008) 
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4.2. Recovery processes 

The recovery of valuable metals from low grade ores requires extraction of the ore 
deposit from the ground, crushing and grinding of the extracted rock, flotation to 
produce concentrates and a pretreatment method such as roasting, autoclaving or bio-
oxidation. Each of these processes is described in greater detail in the following 
sections, with examples of each process taken from the gold-mining industry, where 
appropriate. 

4.2.1. Extraction of the ore from the ground 

Extraction means the mining from the deposit and it can be performed by using surface 
or underground techniques. Usually, mining is conducted using surface mining 
techniques in open-pit mines. This is due to the economic factors related to mining 
large-volume and low-grade ores. In open-pit mining the adjoining rock is removed and 
the crude ore is broken and transported to processing. (U.S. EPA 1994) 

4.2.2. Crushing and grinding 

The first processing step prior to refining of the ore is crushing and grinding where 
uniformly sized particles are produced. The particle size is decided according to process 
demands, but also economics play a large part. Usually, a primary crusher is used to 
reduce ore into particles less than 150 millimeters in diameter. Crushing continues using 
a cone crusher where water is sprayed to control dust. After that ore is ground in the 
presence of water forming a slurry with 35 to 50 percent solids. The grinding can be 
enhanced by using steel balls among the ore. Hydrocyclones are used to classify coarse 
and fine particles between each grinding unit and coarse particles are returned to the 
mill for further grinding. The dust which is generated due to crushing and grinding is 
usually collected by air pollution control device or by using water sprays and is 
recirculated into the grinding process.  (U.S. EPA 1994) With wet grinding, the 
hazardous arsenic-containing dust emissions can be minimized.  

4.2.3. Concentration of valuable metals 

Flotation 

Flotation is a technique in which particles of a single mineral or group of minerals are 
made to adhere to air bubbles. The ore that is grinded and sorted by size is slurried with 
chemical reagents which adhere to the surface of mineral. Air bubbles adhere to the 
reagents and carry the mineral to the surface where it can be separated. Depending on 
the case, the valuables may be recovered from the top or bottom of the flotation cell. 
(U.S. EPA 1994) 

The aim of flotation is to produce a concentrate which can be processed with a good 
recovery. For example, the efficiency of cyanide leaching can be improved by flotation 
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methods where the organic carbon and carbonates, which would restrain the leaching, 
can be removed. (McMullen & Thomas 2002) 

Flotation utilizes the properties of different reagents to separate selectively the 
minerals from each other. Two important criteria for choosing a reagent are the 
collecting power and selectivity. Collectors or promoters react with the valuable 
minerals and render them hydrophobic for collection. On the contrary, depressants react 
with undesirable gangue minerals by making them hydrophilic and prevent their 
collection with the valuable minerals. Activators are used to react with valuable 
minerals that cannot be rendered hydrophobic by collectors without prior surface 
modifications. Pulp dispersants reduce slime coatings on valuable minerals and frothers 
reduce the surface tension of the pulp. (Thompson 2002) In addition, also the sulfide 
and arsenic content of the mineral concentrate can be adjusted with flotation methods 
(McMullen & Thomas 2002). However, the separation of arsenic minerals from the 
valuable minerals by flotation is challenging because they generally have similar 
flotation behavior. 

Sodium hydrosulfide can be used as a depressant for arsenopyrite and other sulfides 
under certain conditions. Collector reagents xanthates are utilized to collect sulfides. 
They are commonly used to for bulk sulfide flotation where all the sulfides are 
recovered, such as gold-bearing pyrite ores. Dithiophosphates (promoters) and 
dithiophosphinates are developed specifically for flotation of gold that is present as 
either liberated grains or associated with chalcopyrite or pyrite. Sulfuric acid is widely 
used as an activator to enhance the flotation of gold-bearing pyrite in bulk sulfide 
flotation applications. Lime is used as a depressant for pyrite, arsenopyrite and 
pyrrhotite. Sodium cyanide is an extremely powerful depressant for pyrite. Dextrin, 
starch and lignin sulphonates are used in combination with cyanide, sodium sulfide and 
zinc sulfate to depress pyrite, pyrrhotite and arsenopyrite from massive sulfide ores. 
(Thompson 2002) 

The flotation methods for arsenopyrite and pyrite separation are desirable in order to 
separate arsenic-containing minerals from the valuable minerals but also to increase the 
recovery of gold from refractory gold concentrates. Selective separation can be achieved 
through pyrite flotation and arsenopyrite depression. Arsenopyrite can be flotated at low 
pH by using xanthate as collector which renders the surface of arsenopyrite 
hydrophobic. On the other hand, depression of arsenopyrite can be performed at high 
pH using oxidants such as hydrogen peroxide or potassium permanganate. Arsenopyrite 
can be depressed with potassium permanganate while flotating pyrite with a sulfhydryl-
type collector from a pyrite-arsenopyrite bulk concentrate containing gold. (López 
Valdivieso et al. 2006) Although the silver and gold are not chemically bound to the 
arsenic, separation by selective flotation is not satisfactory. (Grund et al. 2008) 
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4.3. Pretreatment 

A pretreatment method is a necessity because arsenopyrite and pyrite decrease the 
efficacy of cyanidation which is used to remove gold from host mineral. The cyanide 
treatment is inefficient due to the physical block it creates so that cyanide cannot react 
with gold. (van Aswegen et al. 2007; Corkhill & Vaughan 2009) Most refractory gold 
ores require pretreatment such as pre-oxidation with roasting, pressure oxidation or bio-
oxidation. Not so common pretreatment methods are chlorination and ultra fine 
grinding. These methods are to enhance the recovery rate of gold with cyanide leaching. 
The pretreatment is required when the gold recovery by conventional leaching 
techniques (crushing, grinding, flotation, gravity concentration, cyanidation) is less than 
80 %. Roasting, pressure oxidation and bio-oxidation can be utilized as a pretreatment 
for whole ores. (McMullen & Thomas 2002) 

4.3.1. Roasting 

Roasting aims to oxidize sulfide ores by heating in air. Consequently, sulfur dioxide is 
formed and that can be captured to produce sulfuric acid. (U.S. EPA 1994) Excess 
oxygen is fed to the system and roasting temperatures range from 500 oC to 700 oC 
depending on the mineralogy of the ore. Most pyrites start to oxidize between 425 oC 
and 500 oC. If the roasting temperature is too high (>750 oC), over-roasting can occur 
and the metallic oxide collapses, re-crystallizes and at the same time encapsulates the 
gold, which reduces the gold extraction in cyanide leaching. (McMullen & Thomas 
2002) 

The roasting of arsenopyrite is considerably more difficult and complex than pyrite 
roasting. This is mainly due to the harmful influence of ferric arsenate which inhibits 
the gold extraction dramatically by blocking the pores in the calcine. Therefore, a two 
stage roast is used: first roasting is conducted in a slightly oxygen-deficient atmosphere 
to allow formation of volatile trivalent arsenic oxide or sulfide and subsequently 
roasting under oxidizing conditions. (McMullen & Thomas 2002) Harmful and airborne 
arsenic compounds such as arsenic trioxide are formed because of roasting (Grund et al. 
2008; U.S. EPA 1994).  

If roasting is correctly controlled, arsenic can be separated in high yields from the 
most important arsenic mineral. However, nickel and cobalt arsenide minerals are much 
more stable and therefore more difficult to roast. (Grund et al. 2008) 

4.3.2. Autoclaving 

Autoclaving is a method using pressure oxidation which operates at lower temperatures 
than roasting. Autoclaving exploits pressurized steam to start the reaction and oxygen to 
oxidize sulfur-bearing minerals. The exothermic oxidation reaction sustains the 
reaction. (U.S. EPA 1994) Autoclave oxidation is typically used for single refractory 
ores where gold is encapsulated within the sulfides. The operating temperatures range 
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from 135 oC to 240 oC. The heat production of autoclave oxidation can be self-
sustaining if the sulfur proportion of the concentrate is greater than 5 %. Elemental 
sulfur (S0) can form below 175 oC and it can reduce gold recovery in cyanidation due to 
the gold encapsulation. In addition, elemental sulfur can form thiocyanate during 
cyanidation which increases operation costs. Typical industrial autoclave retention time 
for gold processing ores ranges from 40 to 200 minutes and the vessel operates from 7 
to 29 bars (Grund et al. 2008; McMullen & Thomas 2002). Acid and soluble iron will 
promote the initial rate of oxidation, which will affect the temperature profile in the 
autoclave. Also hydrolysis and precipitation of the arsenate and ferric iron, as ferric 
arsenate, hematite, basic ferric sulfates and jarosites will occur. The ferric arsenate 
which is produced above 150 oC is considered crystalline and relatively stable and 
therefore suitable for safe disposal. Generally between 85 % and 95 % of the arsenic is 
precipitated during the autoclaving providing adequate ratio of iron to arsenic (ratio of 
5:1 of Fe to As is recommended). (McMullen & Thomas 2002) 

Autoclaving can be conducted in acidic or alkaline conditions. However, gold 
recovery by alkaline autoclaving can be as much as 10 % lower than acidic autoclaving. 
This is because the product of oxidation (ferrous sulfate) is soluble in acidic conditions 
but in alkaline autoclaving the hematite forms at the oxidizing surface passivating the 
concentrate surface. (McMullen & Thomas 2002) 

4.3.3. Bio-oxidation 

Bio-oxidation is a recognized hydrometallurgical method for the processing of minerals 
(see section 3.1 for a description of bio-oxidative mechanisms). Bio-oxidation is more 
time consuming than roasting or autoclave oxidation but has the advantage of being less 
expensive (U.S. EPA 1994), more environmentally safe and technically more 
straightforward (Breed et al. 2000). Maintenance of bacterial growth and activity has 
minimal requirements such as the maintenance of a relevant temperature and aeration. 
In addition, the process requires sufficient amounts of acid or base in order to maintain 
the optimum pH. As for every process, affecting parameters must be optimized to 
achieve the best results. (Groza et al. 2008) 

Bio-oxidation competes with autoclaving and roasting up to 2 000–3 000 tonnes per 
day whole ore concentrate. With greater amounts, the bio-oxidation slurry tanks become 
too large and expensive. However, bio-oxidation offers advantages in less developed 
countries where skilled personnel are scarce for operating autoclaves. (McMullen & 
Thomas 2002) 

Acidophilic, chemolithotrophic bacteria (see Table 3.4) can be exploited in a 
commercial process to improve the recovery of gold from refractory sulfidic and 
arsenic-containing ores. By using mixed cultures of acidophilic iron- and sulfur-
oxidizers (e.g. Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans and 
Leptospirillum ferrooxidans) sulfidic minerals are selectively bioleached i.e. gold is 
removed from the sulfidic lattice during bacterial oxidation before cyanide treatment. 
(van Aswegen et al. 2007; Corkhill & Vaughan 2009)  
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The unique physiology of acidophiles makes them sensitive to inhibition by organic 
acids and certain anions. For example, water with high chloride concentration (>5 g/l) 
inhibits metal sulfide bio-oxidation. In addition thiocyanate, which is produced by 
reaction of cyanide with reduced sulfur species during cyanidation of bio-oxidized gold 
ore concentrates, can create a problem if process solutions containing thiocyanate 
becomes mixed with bio-oxidation solutions. (van Aswegen et al. 2007; Brierly & 
Briggs 2002; McMullen & Thomas 2002; Olson et al. 2003)  

BIOX™-process 

Continuous-flow tank reactor bio-oxidation processes for the recovery of gold from 
gold-bearing arsenopyrite concentrates were developed during the 1980s. Also large-
scale industrial plants were built in several countries. First commercial arsenopyrite bio-
oxidation plant (BIOX™) was built at the Fairview gold mine in South Africa. Bio-
oxidation of arsenopyrite concentrates produces soluble arsenate and arsenite, reaching 
even saturated concentrations of 12 g/l and 3–6 g/l, respectively. The inhibitory nature 
of arsenic to bio-oxidizers has been a great challenge for bio-oxidation and therefore the 
process included multiple arsenic precipitation steps which made the process 
uneconomic. However, during the operation of a continous-flow tank aeration system, 
fast growing arsenopyrite-oxidative bacteria displaced the more readily washed out 
slow-growing cells and due to this selection of highly arsenic resistant microbes 
occurred. This enabled the residence time of the mineral concentrate in the series of 
aeration tanks to be reduced from 12 days to 7 days and there was no demand for 
arsenic precipitation steps during the bio-oxidation. Also the pulp density was increased 
from 10 % to 19 % (w/v). (Rawlings 2008) 

BIOX™ is a commercial process used to pretreat refractory gold sulfide ores using 
bio-oxidative processes. This process is a cost-effective alternative to conventional 
roasting or pressure oxidation techniques. The BIOX™ plants in 2009 are shown in 
Table 4.1:  during that time there were eleven BIOX™ plants worldwide and four of 
them (Ashanti, Fairview, Saõ Bento, Wiluna) are currently in operation (Table 4.1; Gold 
Fields 2011). BIOX™ plants altogether treated approximately 4 507 ton of concentrate 
per day and the gold produced was 130 kg per day in 2009. (van Niekerk 2009) 
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Table 4.1. Information about BIOX™ plants worldwide in 2009 (van Niekerk 2009). 

 
 

The flowsheet of a typical BIOX™ plant is presented in Figure 4.1. In a BIOX™ 
process, the flotation concentrate (~20 % pulp density) is continuously fed to a primary 
reactor where most of the microbial growth occurs during 2–2.5 days of residence time. 
The primary reactor overflows to a series of smaller secondary reactors connected in 
series. Total residence time in the process is about 4–6 days. (Olson et al. 2003) 
BIOX™ plant typically consists of three primary reactors which operate in parallel and 
three secondary reactors operating in series (Figure 4.1). (van Aswegen et al. 2007) 

 
Figure 4.1. The flow sheet of a typical BIOX™-process (van Aswegen et al. 2007). 
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The BIOX™ process produces a liquor phase containing ferric sulfate and As(V). 
The solution is neutralized using limestone or lime in two stages. First the As(V) is 
precipitated as stable ferric arsenate by adjusting the pH to 4–5 and subsequently pH is 
increased to 6–8 to enhance the co-precipitation of iron and arsenic. (van Aswegen et al. 
2007) 

BIOX™ oxidation process operates at temperatures from 30 to 45 oC. This 
temperature is a compromise between the maximum sulfide oxidation rate (which 
would increase in higher temperatures) and the requirement of cooling the reactors. (van 
Aswegen et al. 2007; van Niekerk 2009) 

Process parameters 

For tank bio-oxidation methods, many parameters have an effect on the bio-oxidation 
activity of bacteria. In tank leaching, intensive agitation, aeration and attrition can 
adversely influence the activity of the cells. (Nemati et al. 2000) Therefore the 
optimization of parameters is essential for an efficient process. 

Temperature 

Consideration of improving on the BIOX™ process is studied using higher 
temperatures suitable for thermophiles (van Aswegen et al. 2007; van Niekerk 2009). 
One alternative would be to utilize both mesophiles and thermophiles in the bio-
oxidation process. Mesophilic bacteria would be used for the primary oxidation stage to 
achieve approximately 70 % sulfide oxidation. Subsequently, thermophiles would 
complete the oxidation and remove the intermediate sulfur species such as thiocyanate 
which increases the consumption of cyanide. The pilot plant results of this have been 
very promising. Only a very short retention time was required in the thermophile stage 
to maintain bacterial activity and achieve the required sulfide oxidation. In addition, 
similar sulfide and gold recoveries were achieved and the cyanide consumption was 
substantially lower. (van Niekerk 2009)  

Unfortunately, the utilization of thermophiles will also increase the capital cost and 
operating cost. This is due to the high temperature (65–80 oC) that will increase 
corrosion and new reactor materials should be used. Because of the remote solubility of 
oxygen to water especially at high temperatures, oxygen enrichment of air should be 
adopted. (McMullen & Thomas 2002; van Niekerk 2009) Also water consumption 
would increase due to the increased evaporation (van Niekerk 2009) and the formation 
of jarosites is enhanced at higher temperatures (McMullen & Thomas 2002). It has also 
been reported that the cell walls of extreme thermophiles are relatively weaker than 
mesophiles and therefore their use in bio-oxidation would be problematic especially 
with high pulp density (Ciftci & Akcil 2010). 
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pH 

The choice of optimal pH for the bio-oxidation process is important due to the different 
bacterial activity and different precipitates that can form in different pH value (van 
Aswegen et al. 2007; Brierly & Briggs 2002). Above pH ~2.5 soluble iron forms 
precipitates and the oxidizing ferric iron that causes the indirect leaching of mineral is 
removed from the solution (Brierly & Briggs 2002). Groza et al. (2008) suggested that 
the bio-oxidation of pyrite and arsenopyrite should be carried out in pH range of 1.8–2.0 
in order to avoid jarosite precipitation that could dilute the bio-oxidized concentrate 
mass (Groza et al. 2008). If the pH is below 1.0, sulfide oxidation decreases and 
foaming of the slurry increases. On the other hand, a high pH may reduce the oxidation 
and gold recovery due to the precipitates which occlude the gold particles. (van 
Aswegen et al. 2007). 

It is equally important to understand that acidophilic bacteria have also optimal pH 
range. For example, for Acidithiobacillus ferrooxidans the optimal pH range is from 1.5 
to 1.8 whereas for Thiobacillus thiooxidans the optimal pH is less than 1. (McMullen & 
Thomas 2002)  

Redox potential 

The redox potential represents the ferrous to ferric iron ratio. When redox potential is 
high (>500 mV), the ferric iron dominates in solution and leaches the mineral. 
Acidithiobacillus ferrooxidans dominates with lower redox potential (<450 mV) but as 
the redox potential increases, Leptospirillum ferrooxidans will predominate due to its 
higher affinity for ferrous iron. (Brierly & Briggs 2002; Rawlings et al. 1999) Low 
redox potential and low Fe/As ratio can lead to As(III) formation which can precipitate 
as less stable calcium arsenite (van Aswegen et al. 2007).  

Pulp density and particle size 

Typically refractory gold plants operate with a 15–20 % (w/v) pulp density (Brierly & 
Briggs 2002; Olson et al. 2003). If the pulp density is too high, it leads to disruption of 
bacterial cells, a reduced cell count, accumulation of ferrous iron and a decrease in leach 
rate (Jones et al. 2009). This is likely due to physical attrition when cells and 
concentrate particles collide, increased solute (such as metals and sulfate ions) 
concentrations, acidity and unfavorable mass-transfer properties (Brierly & Briggs 
2002; Nemati et al. 2000).  

In tank leaching, one important factor for optimization is the particle size of the 
concentrate. In general, smaller particle size provides better bioleaching rate due to the 
greater surface area, especially when considering mesophiles. However, fine particles 
can damage the structure of the cell especially for archaea and inhibit the oxidation. 
(Nemati et al. 2000) Jones et al. (2009) argued that inhibition by fine particles is due to 
the formation of reactive oxygen species (ROS) such as hydrogen peroxide and 
hydroxyl radicals in slurries of sulfide concentrates (Jones et al. 2009).  
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Aeration 

The efficient delivery of oxygen is the single largest operation cost in refractory gold 
tank-based bio-oxidation plants. The volume of air needed is dependent on the sulfide 
oxidation required. (Brierly & Briggs 2002; Olson et al. 2003) Oxygen utilization 
efficiencies in CSTRs (continuously stirred tank reactors) are usually in the order of 30 
to 40 % (Brierly & Briggs 2002). And the concentration of dissolved oxygen in the 
solution should be about 2 ppm (2 mg/l) (van Aswegen et al. 2007; Brierly & Briggs 
2002; McMullen & Thomas 2002). Typical oxygen demand varies from 1.8 to 2.6 kg of 
oxygen per kilogram sulfide (van Aswegen et al. 2007).  

Nutrients 

Acidophilic microorganisms need nutrients such as nitrogen, phosphorus and some trace 
elements such as magnesium and potassium (van Aswegen et al. 2007; Brierly & Briggs 
2002). Trace elements are usually present in sufficient quantities in the mineral (Brierly 
& Briggs 2002). Also carbon can be gained from the mineral concentrate as carbonates 
if carbon content is more than 2 % (van Aswegen et al. 2007; Brierly & Briggs 2002), 
however often carbon is gained from the CO2 from the air. (Brierly & Briggs 2002) 

4.4. Recovery of valuable metals 

4.4.1. Cyanidation for the recovery of gold 

After the pretreatment using autoclave or bio-oxidation, the gold is recovered from the 
solids by cyanide leaching while the solution is neutralized with limestone and the 
precipitate is dumped as tailings (Grund et al. 2008). Cyanidation with sodium cyanide 
(NaCN) is used especially for processing low-grade gold. The majority of gold is 
extracted by alkaline cyanide leaching. Usually the pH is adjusted to 10–12 with the 
addition of lime (CaO) (Kondos et al. 1995). According to Parga et al. (2007), the 
optimal pH is ~11 and when the pH is above 11.5, the recovery rate decreases due to the 
sulfidic minerals which compete with gold for consumption of oxygen (Parga et al. 
2007). Although gold is inert to oxidation, in the presence of a suitable complexing 
agent such as cyanide (CN-) as sodium cyanide, gold forms a cyano complex 
[Au(NC)2]

- when it is oxidized. Due to the high reactivity of cyanide, the cyanide 
consumption is not limited to gold alone but also to minerals such as sulfides. (Kondos 
et al. 1995) Each ore has a particular cyanidation behavior which is due to its unique 
mineralogical composition and origin.  

High dissolved oxygen concentrations and some compounds such as lead nitrate 
Pb(NO3)2 can also enhance the gold extraction rate by cyanidation. The particle size of 
the pre-treated bio-oxidation residue can enhance the gold extraction but at the same 
time it will increase the cyanide consumption due to the higher surface area of cyanide-
consuming minerals. The free cyanide concentration used in conventional processing is 
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between 150 and 280 ppm. Higher concentrations are required especially when the 
concentrate contains soluble sulfides. (Kondos et al. 1995) 

In cyanide leaching, the optimal slurry density must be determined. If the slurry 
density is too high, it can increase the solid retention time in the reactor and reduce the 
reagent consumption. Furthermore, the excessive slurry density hinders the oxygen 
dispersion and enhances the acid generation of the ore. Therefore, slurry densities used 
are usually between 35 % and 50 % of solids. (Parga et al. 2007)  

4.4.2. Nickel and cobalt extraction by smelting 

Roasting is needed as a pretreatment to reduce sulfur content of nickel flotation 
concentrate. Roasting oxidizes the metal sulfide and sulfur is released as sulfur dioxide. 
The dried concentrate is then processed by electric smelting or flash smelting. (WBG 
2007)  

In electric smelting heat is supplied to the concentrate by an alternating electric 
current between electrodes. The process consumes a lot of electricity but high metal 
recoveries can be achieved. (Sheng et al. 1998) 

The flotation concentrate used in this study is further processed with flash smelting 
in which the concentrate is heated with electricity and excess oxygen in a fludized bed 
reactor and a high-grade nickel matte is produced (Kojo et al. 2000; Norilsk Nickel 
2010). The matte can be hydrometallurgically processed with leaching in normal 
pressure (Heino 2010; Norilsk Nickel 2010). Subsequently, cobalt is extracted and high 
purity (>99.9 %) nickel can be produced by nickel reduction with hydrogen or by nickel 
electrolysis (Heino 2010). 
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5. ARSENIC IN MINING WASTE MATERIALS 

Arsenic appears in the mining waste materials because it is considered as valueless and 
harmful element for the process. Thus, mining processes are designed selectively so that 
arsenic can be separated and disposed of within the waste materials.  

Mining industries are obliged to dispose of waste material in an environmentally 
safe manner. With arsenic waste, this can be achieved by (i) physical stabilization 
through the use of engineered disposal facilities and institutional controls, (ii) chemical 
stabilization of arsenic-containing waste, (iii) chemical treatment of effluents to produce 
an insoluble compound such as ferric arsenate or by (iv) chemical stabilization of the 
arsenic waste with cement, slags or silica material. (U.S. EPA 2003) 

The most important consideration is to minimize the dissolution of arsenic from the 
materials. The mobility of arsenic in surface or groundwater is mainly controlled by the 
combination of redox reactions, adsorption and desorption, ion exchange, solid phase 
precipitation and dissolution, pH and biological activity (section 3; Cheng et al. 2009; 
Krysiak & Karczewska 2007). These are also the fundamental modes of action on which 
the treatment methods are based. Arsenic can be mobilized and discharge of mining is 
caused by mine spoils, slag dumps and tailings from where it can leach into ground or 
surface water or enter into the human food chain. (Krysiak & Karczewska 2007) 

Stabilization of arsenic by precipitation as arsenates is the most common method to 
treat arsenic-containing mining wastewaters. Especially arsenate precipitates formed 
with Fe, Ca, Ba, Mg, Mn, Ni and Sr are regarded extremely stable (Daus et al. 1998; 
Grund et al. 2008; Jia & Demopoulos 2008). For example manganese does not affect to 
iron precipitation but enhances the precipitation of arsenate by changing the structure of 
the precipitate which then binds more arsenate (Daus et al. 1998). Non-polluting ferric 
arsenate precipitates can be formed by neutralizing mining wastewaters with limestone 
(CaCO3) or lime (CaO) and these precipitates are stable when the Fe/As molar ratio is 
greater than 4:1. (Groza et al. 2008; Jia & Demopoulos 2008; Nyombolo et al. 2000) 
The use of CaO instead of NaOH notably decreases the arsenic concentration of the 
treated solution and results in lower dissolution of arsenic from the precipitate after it is 
formed (Jia & Demopoulos 2008). The optimal pH for the removal of arsenate is in a 
mildly acidic range (3.5–5.5) (Jia & Demopoulos 2008). The correlation between pH 
and solubilization of arsenic is very complex but near the neutral pH region arsenic 
dissolution is low due to arsenic co-precipitation with iron. In acid mine drainage, 
oxidation of pyritic ore causes dissolution of arsenic. At the same time, the production 
of Fe3+ and hydrogen ions can catalytically dissolve minerals. The low pH increases the 
problem. (Bednar et al. 2005) However, co-precipitation or sorption of arsenic on to 
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iron precipitates can limit arsenic solubility (Al-Abed et al. 2007). This information can 
be useful when predicting the dissolution of arsenic and selecting the best method for 
arsenic removal. One good alternative to treat arsenic-containing wastewaters is to use 
biotechnological methods like bacteria, fungi or plants. These require only moderate 
capital investment and a low energy input. They are environmentally safe and do not 
generate waste in most cases. (Choong et al. 2007; Sahinkaya et al. 2007) For example 
acidic mine water containing arsenic and sulfate has been treated with anaerobic sulfate-
reducing bacteria which have been shown to enhance the arsenic removal rate (Choong 
et al. 2007). Sulfate-reducing bacteria oxidize organic compounds by utilizing sulfate as 
an electron acceptor and regenerate sulfide (S2-) and alkalinity. Subsequently, sulfide 
can react with dissolved metals to form metal sulfide precipitates. (Jong & Parry 2003; 
Kaksonen et al. 2006; Kaksonen et al. 2011; Sahinkaya et al. 2007) Using a 
sulfidogenic fluidized bed treatment for mining wastewater, over 99.9 % metal recovery 
for Al, Co, Cu, Fe, Pb and Zn has been observed (Sahinkaya et al. 2011). Alternatively, 
sulphate-reducing microorganisms can also be utilized for sequential precipitation of 
different metals in multi-stage fluidized bed reactor system (Ucar et al. 2011) 

The best way to prevent the dissolution of arsenic from arsenic-containing mining 
waste heaps is solidification and stabilization. The most frequently used binders are 
pozzolanic materials such as cement and lime or fly ash. The mobility of arsenic is 
reduced through physical and chemical means. This method physically binds or 
encloses contaminants within a stabilized mass and chemically reduces the hazard by 
concerting the contaminants into less soluble, less mobile and less toxic forms. (U.S. 
EPA 2002) According to Al-Abed et al. (2007), stabilization and solidification 
procedures using cementitious materials should be conducted without pushing the solid 
waste pH in to the alkaline conditions where arsenic and iron leaching are high (Al-
Abed et al. 2007). In addition to that, the long term stability of these methods must be 
confirmed (Pantuzzo & Ciminelli 2010). 
 

The aim of this work was to study the bio-oxidation of a refractory gold-containing 
flotation concentrate (Kittilä concentrate) and to produce a leach residue for the 
cyanidation test. In addition, the goal was to continue the investigations of bioleaching 
of side-product of talc production (nickel and gersdorffite concentrates). Bio-oxidation 
experiments were performed in shake flasks and batch reactors at pH range 1.8–3.2 and 
the pulp density varied from 1 % to 10 %. Bioleaching experiments were performed 
using pH range of 1.8–3.0.  
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6. MATERIALS AND METHODS 

6.1. Materials 

6.1.1. Flotation side-products of talc production 

In this thesis, the bioleaching of nickel flotation concentrate (NFC) and gersdorffite 
flotation concentrate (GFC) was studied. The compositions of these concentrates were 
as presented in Table 6.1 and Table 6.2 (Wakeman 2011).  
 
Table 6.1. Elemental distribution of nickel and gersdorffite flotation concentrate samples (Wakeman et al. 
2011). 

Element     Nickel concentrate  Gersdorffite concentrate 

Fe  %  35.0  25.3 

Co  %  0.5  2.7 

Ni  %  10.5  14.3 

As  %  1.3  15.4 

S  %  30.7  36.7 

C  %  2.1  0.2 

 
 
Table 6.2. Mineralogy of nickel and gersdorffite flotation concentrate samples (Wakeman et al. 2011). 

Mineral 
Chemical 
formula 

Nickel 
concentrate (%) 

Gersdorffite 
concentrate (%) 

Nickeline  NiAs  0.3  3.4 

Gersdorffite  NiAsS  2.5  30.6 

Pyrrhotite  FeS  36.5  20.2 

Pentlandite  (Fe, Ni)9S8  29.1  19.3 

Pyrite  FeS2  8.4  12.1 

Silicates / Carbonates   23.2  14.4 
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6.1.2. Gold-containing flotation concentrate 

In this thesis also the bio-oxidation of two different samples of the refractory gold 
concentrates (EKC A and EKC B) from the Suurikuusikko mining site were studied. 
Their composition was as given in Table 6.3. The mineralogy of EKC B was as 
presented in Table 6.4. 
 
Table 6.3. Elemental distribution and oxides of Elemet Kittilä Concentrate A and B. 

Element    
Kittilä  
concentrate A 

Kittilä  
concentrate B* 

Fe  %  31.55  21.90 

Co  %  0.017  0.02 

Ni  %  0.054  0.07 

Cu  %  0.078  0.13 

As  %  5.01  6.39 

Sb  %  0.029  0.38 

Pb  %  0.008  0.05 

Bi  %  0.012  <0.020 

C  %  3.59 

S  %  35.2  20.00 

Au  ppm  39.3  38.7 

Ag  ppm  12.5  33.0 

Oxides 

SiO2  %  18  22.40 

Na2O  %  1.35  0.57 

Al2O3  %  5.4  6.78 

CaO  %  2.24  3.93 

TiO2  %  1.52  0.90 

MgO  %  1.58  2.54 
 
 
 
 
 
*) In EKC B, almost 92 % of iron, 100 % of arsenic and 100 % of sulfur is associated with pyrite and 
arsenopyrite. 30 % of the gold is distributed in pyrite and 70 % in arsenopyrite. 
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Table 6.4. Mineralogy of the Elemet Kittilä Concentrate B. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

6.1.3. Bioleaching and bio-oxidation cultures 

Laboratory and enrichment cultures containing iron- and sulfur-oxidizing 
microorganisms were used as inoculae in bioleaching and bio-oxidation experiments. 
Laboratory culture 1 included Acidithiobacillus ferrooxidans, Leptospirillum 
ferrooxidans, Acidithiobacillus caldus and Acidithiobacillus thiooxidans (Halinen et al. 
2009). Laboratory culture 2 included iron- and sulfur-oxidizing bacteria such as 
Acidithiobacillus ferrooxidans, Acidithiobacillus ferrivorans, Thiomonas cuprina and 
Acidithiobacillus caldus (Wakeman et al. 2011). 

6.1.4. Samples from mine site 

Water and sediment samples were collected from 4 different iron-rich water streams 
(Figure 6.1) at the Suurikuusikko mining site. Details of the sampling sites are given in 
Table 6.5. The samples were stored at 4 oC and inoculated into sterile culture medium 
(MSM; see section 6.1.5) within 24 hours. 
 

Mineral 
Chemical  
formula  (%) 

Pyrite  FeS2  32.68 

Arsenopyrite  FeAsS  13.57 

Dolomite  CaMg(CO3)2  12.57 

Quartz  SiO2  12.20 

Muscovite  KAl2(Si3Al)O10(OH; F)2  15.22 

Albite  NaAlSi3O8  4.82 

Ilmenite  FeTiO3  1.71 

Hematite  Fe2O3  1.73 

Tetrahedrite   (Cu,Fe)12Sb4S13  0.35 

Nisbite  NiSb2   0.26 

Twinnite  Pb(Sb,As)2S4  0.12 

Stibnite  Sb2S3  0.00 

Graphite  C  1.95 

Others     2.82 
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Figure 6.1. Sampling sites at the Kittilä Suurikuusikko mine site. The brown color in the water is due to 
oxidized iron precipitates. (photo by courtesy of Kathryn Wakeman) 

 
Table 6.5. Description of the four different sampling sites.  

No.  Sample location  pH  redox (mv) 

1  Seepwater pool of ore stockpile  7.1  340 

2  Seepwater pool of adjoining rock (gangue)  6.9  350 

3  Seepwater trench of adjoining rock (gangue)  6.9  360 

4  Seepwater trench of adjoining rock (gangue)  6.3  390 
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6.1.5. Growth media 

In all experiments the culture medium (total volume 90 ml) consisted of 10 ml of 
Mineral Salts Medium (MSM), 1 ml of Trace Elements Solution (TES) and 79 ml of 
Milli-Q water. Solutions were mixed and autoclaved at 121 oC for 20 minutes. MSM 

stock solution consisted of: 37.5 g/l (NH4)2SO4, 18.75 g/l Na2SO4⋅10 H2O, 1.25 g/l 

KCl, 0.625 g/l K2HPO4, 6.25 g/l MgSO4⋅7 H2O and 0.175 g/l Ca(NO3)2⋅ 4 H2O  in 

Milli-Q  water. TES stock solution consisted of: 1.375 g/l FeCl3 ⋅ 6 H2O, 0.0625 g/l 

CuSO4⋅5 H2O, 0.25 g/l H3BO3, 0.319 g/l MnSO4⋅4 H2O, 0.1 g/l Na2MoO4⋅2 H2O, 

0.075 g/l CoCl2⋅6 H2O, 0.1125 g/l ZnSO4⋅7 H2O, 0.1125 g/l Na2SeO4 in Milli-Q water. 

Prior to use, the pH of the MSM and TES were adjusted to 1.8 and 1.5, respectively 
with concentrated H2SO4. 

In some cases, media were supplemented with ferrous iron and elemental sulfur. The 

iron stock solution was prepared by mixing 112 g of FeSO4⋅H2O in 1000 ml of Milli-Q 

water. The pH of the solution was adjusted to 1.8 with concentrated H2SO4 and solution 
was sterile-filtered through 0.2 µm filters. Sulfur was sterilized by heating 24 hours at 
105 oC. The pH adjustment for culture media was made with H2SO4 after the addition of 
the mineral concentrate and before autoclaving. 

6.1.6. Analytical solutions 

For ferrous iron analysis, ammonium acetate buffer was prepared by mixing 250 g of 
NH4C2H3O2 in 180 ml of Milli-Q water. After that 700 ml of glacial acetic acid 
(C2H4O2) was added. Phenantroline solution was prepared by dissolving 5 g of 1,10-

phenantroline monohydrate (C12H8N2⋅H2O) in 450 ml of Milli-Q water. Few drops of 

37 % concentrated HCl was added to facilitate the dissolution and after that the solution 
was diluted to 500 ml. All solutions were made and stored in acid washed containers. 

TRIS-buffer was prepared by dissolving 6.1 g of C4H11NO3 in 500 ml of Milli-Q 
water and the solution adjusted to pH 8.0 using 37 % concentrated HCl. The eluent for 
ion chromatography (IC) was made of 0.5 M NaHCO3 and 0.5 M Na2CO3. 

6.2. Experimental methods 

6.2.1. Adaptation and enrichment of bio-oxidative micro-organisms 

Laboratory culture 1 

Adaptation of laboratory culture 1 to gold-containing flotation (Kittilä) concentrate was 
performed by inoculating this culture (10 % v/v) into sterile MSM containing (i) Kittilä 
concentrate or (ii) Kittilä concentrate and additional iron (~ 200 mg/l) and sulfur (~ 400 
mg/l). Bacterial activity (verified by microscopy) was only evident in the flasks 
supplemented with iron and sulfur. Thus, only this enrichment culture was sub-cultured 



32 
 

to fresh media containing the same substrates. These cultures were used for the initial 
bio-oxidation experiment. 

Laboratory culture 2  

This culture was used for preliminary bio-oxidation tests with the Kittilä concentrate. 
Adaptation of this culture was performed by inoculation into sterile media containing 
0.1 % (w/v) NFC and 0.9 % (w/v) EKC A.  
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Enrichment of the bacteria from Kittilä Suurikuusikko Mine site samples 

Bacteria were enriched by inoculation of mine site samples into three different media. 
The enrichment phase is presented in Figure 6.2. 10 % (v/v) inocula were added into 
MSM media containing 1 % (w/v) Kittilä concentrate supplemented with and without 
ferrous iron and elemental sulfur (see Figure 6.2) or MSM media containing only 
ferrous iron and elemental sulfur. The pH was adjusted in the range of 2.0–3.0. All 
enrichments were duplicated. All flasks were shaken at 150 rpm and incubated at 27 oC 
for 14 days. pH, redox and concentration of ferrous iron was monitored (see section 7.3) 
at the first day and after 14 days. The most active cultures were inoculated (10 % v/v) 
into fresh media. pH, redox and ferrous iron concentration were monitored in the first 
day and before sub-culturing. Total iron and arsenic concentration was measured from 
the 3rd enrichment phase. The enrichment cultures from the three active samples with 
only Kittilä concentrate as substrate were combined to form the Kittilä enrichment (KE) 
culture that was used in the pH experiment. The KE was maintained on Kittilä 
concentrate in MSM.  
 

 
Figure 6.2. A schematic of the enrichment of bio-oxidative micro-organisms from mine site samples. 
Where indicated, MSM was supplemented with Fe2+ and S0 to a final concentration of 2 g/l and 1 g/l, 
respectively. Note: An asterisk (*) represents the monitoring of pH, redox potential and ferrous iron 
concentration. For samples 2 and 4 the enrichment phase was to the same as for samples 3. Sample 1 was 
not active and therefore not sub-cultured further. The sample numbers represent the sample locations 
described in chapter 6.1.4 in Table 6.5 
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6.2.2. Shake flask experiments 

Shake flask experiments (Figure 6.3) were performed to study the effect of pH on the 
bioleaching of nickel and gersdorffite concentrates. In addition, the amenability of 
Kittilä concentrate to bio-oxidation and the effect of pulp density were studied with 
shake flasks. The shake flask experiments were performed in sterile conditions in 250 
ml flasks containing 90 ml of MSM media with nickel, gersdorffite or Kittilä 
concentrate at 1 % (w/v), except when performing the pulp density experiment. The 
inoculum was 10 % (v/v) and all flasks were shaken at 150 rpm and incubated at 27 oC 
(Figure 6.3).  

The shake flask experiments were performed in duplicate or in triplicate. In addition 
to experimental flasks, one control flask was included in every experiment to see the 
magnitude of chemical leaching during the experiment. The chemical controls were 
prepared in the same way as the experimental flasks, except that the inocula were added 
before autoclaving. The differences in the experimental and control flasks represented 
the effect of bioleaching and bio-oxidation activity.  
 

 
Figure 6.3. Shake flask experiment at 27 oC, 150 rpm. 
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6.2.3. Continuously stirred tank reactor experiment 

Batch reactor experiments were performed to produce a leach residue for cyanide 
leaching of gold. Bio-oxidation was performed in three reactors (Figure 6.4) using the 
KE culture. The reactors contained 1.5 liters of non-sterile MSM and 5 % (w/v) of 
Kittilä concentrate (EKC B). The reactors were stirred at 160 rpm at 27 oC, aeration 
being 1.5 liters of air per minute. The pH was maintained at 1.8 during the experiment. 
The pH adjustment was performed daily by addition of H2SO4 at the start of the 
experiment and later with NaOH. Evaporation was redressed by addition of Milli-Q 
water before pH adjustment and was minimized by covering the top of the reactors with 
paraffin paper.  
 

 
Figure 6.4. Continuously stirred tank reactor for bio-oxidation at 27 oC and pH 1.8. 

6.2.4. Sampling 

Samples were taken from shake flasks (5 ml sterile conditions) and reactors (5 ml in 
room conditions) at approximately weekly intervals to monitor bioleaching and bio-
oxidation activity. The amount of water evaporated during the experiments was replaced 
by adding sterile Milli-Q water into the flasks and reactors before sampling. For shake 
flasks, mass difference was used to determine Milli-Q addition; for reactors, liquid level 
differences were used. Shaking or mixing was stopped during the sampling so that the 
concentrate would settle and the removal of concentrate from the experiment would be 
minimized.  
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Samples for bacterial community analysis were taken. The samples with short 
description of the sample origin are presented in Table 6.6.  

Samples of liquid-solids suspension (20 ml) from selected bioleaching/bio-oxidation 
experiment were filtered through a 0.2 µm polysulfonemembrane filter (Whatman, UK). 
The cells and solids caught on the filter were washed by passing Milli-Q water (pH 
adjusted to 2.0 with strong H2SO4) followed by TRIS-buffer (pH 8.0) through the filter. 
DNA was extracted from the filters using the Ultraclean Mega Soil DNA Extraction Kit 
(MoBio Laboratories, USA) according to the manufacturer’s instructions for maximum 
yield. Polymerase chain reaction (PCR) was used to amplify the DNA-products and 
those were subjected to denaturated gradient gel electrophoresis (DGGE). The unique 
bands were excised, amplified with PCR and sequencing was conducted by Macrogen 
Inc., Korea. Sequence data were analyzed using MegaBLAST and bacteria identified by 
comparison to sequences held in the National Center for Biotechnology Information 
(NCBI) database (Zhang et al. 2000). 
 
Table 6.6. Samples from cultures during the experiment for the bacterial community analysis. KE 
represents the Kittilä enrichment culture. 

No.  Culture Origin  Description of experiment 

1  Lab. 2  Shake flask  The NFC adaptation phase 

2  Lab. 2  Reactor  The NFC adaptation phase 

3  Lab. 2  Shake flask  The NFC starting pH 3.0 experiment 

4  Lab. 2  Shake flask  The GFC adaptation phase 

5  Lab. 2  Reactor  The GFC adaptation phase 

6  Lab. 2  Shake flask  The GFC starting pH 3.0 experiment 

7  Lab. 1  Shake flask  The EKC A + Fe2+ +S0 adaptation phase 

8  Lab. 2  Shake flask  The adaptation of laboratory culture 2 to EKC A 

9  KE  Shake flask  The EKC B, mixed inoculum from the enrichment phase 

10  KE  Shake flask  The EKC B, mixed inoculum from enrichment in different pH's 

 

6.2.5. Treatment of leach residue from bio-oxidation in CSTRs 

The leach residue and leach solution obtained after bio-oxidation in reactors was pooled 
and left to settle for 24 hours prior to removal of the supernatant. The residue was dried 
at room temperature for 14 days, weighed and stored at 4 oC. Gold recovery by 
cyanidation was performed at the Geological Survey of Finland (GTK), according to 
their standard protocol. 
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6.3. Monitoring of bioleaching and bio-oxidation 
parameters 

6.3.1. pH and redox 

The pH and redox potential were measured from non-filtered samples within 120 
minutes of sampling. The pH was measured with the device pH 313i pH meter (WTW, 
Germany) with a SenTix 81 slimtrode electrode (WTW, Germany). For calibration of 
the pH meter standard pH 2 and pH 4 were used immediately before measuring. The 
redox potential device was a pH340 redox meter (WTW, Germany) with a Blueline 31 
Rx slimtrode electrode (Schott Instruments, Germany).  

6.3.2. Ferrous iron concentration 

The ferrous iron concentration was measured using ortho-phenantroline method 
according to the standard 3500-Fe (APHA 1992) using Shimadzu UV 1601 
spectrophotometer. Samples (1 ml) were filtered (0.45 µm polysulfonemembrane; 
Whatman, UK) and mixed with 2 ml of phenantroline solution, 1 ml of ammonium 
acetate buffer, 0.9 ml Milli-Q water and 0.1 ml of concentrated HCl. The absorbance 
was measured within 10 minutes at 510 nm using a quartz-cuvette. All sample dilutions 
were made in 0.07 M HNO3 and the blank was prepared similarly as the samples except 
using 0.07 M HNO3 instead of the sample. Concentrations were calculated against an 
external standard curve (0.05–20 mg/l ferrous iron). 

6.3.3. Metals concentration 

The concentrations of iron, nickel, cobalt and arsenic were analyzed using an atomic 
absorption spectrophotometer (AAS AAnalyst 400, Perkin Elmer). Iron, nickel and 
cobalt were measured using a multielement hollow cathode lamp (Co-Cr-Cu-Fe-Mn-Ni, 
Perkin Elmer, Singapore) and arsenic was measured with electrodeless discharge lamp 
(Perkin Elmer, Shelton CT, U.S.A.). The analyses were done according to the standards 
SFS 3044 (SFS 3044, 1980) and SFS 3047 (SFS 3047, 1980). All samples were 
polysulfonemembrane-filtered (0.45 µm, Whatman, UK) and diluted in 0.07 M HNO3. 
Diluted samples were stored at 4 oC and analyzed within 4 weeks. Internal standard 
curves were prepared for every analysis from stock solutions (1000 mg/l ± 4 mg/l, 
Sigma-Aldrich Chemie) and used for Fe (0.5–3.0 mg/l), Ni (1.0–4.0 mg/l), Co (0.2–1.0 
mg/l) and As (1.0–20.0 mg/l) analysis. Yields for bio- and chemical leaching were 
calculated by comparing the concentration in the leaching solution to the theoretical 
maximum concentration which would be achieved if all the concentrate was dissolved. 

6.3.4. Sulfate concentration 

Ion chromatography (Dionex DX-120, Dionex Corporation, Sunnyvale, USA) was used 
for sulfate concentration measurement. Machine consisted of guard column IonPac 
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AG23 (4 x 50 mm), anion exchange column IonPac AS23 (4 x 250 mm) and 
autosampler Dionex AS40. Also samples for sulfate analysis were filtered (0.45 µm 
polysulfonemembrane, Whatman, UK) and dilutions were made in Milli-Q water. 
Samples were prepared according to the standard SFS-EN ISO 10304-2 (SFS-EN ISO 
10304-2, 1995). Concentrations were calculated against an external standard curve (10 – 
300 mg/l sulfate). Eluent solution for the ion chromatography was degassed before use 
with under pressure and in addition, during analysis, helium overpressure was used to 
minimize the dissolution of gases to the eluent. 

6.3.5. Acid consumption of Kittilä concentrate 

The acid consumption was determined in pH range 0.5–3.5 using concentrated (18 M) 
H2SO4 into a suspension containing 1 % (w/v) of Kittilä concentrate in 200 ml of Milli-
Q water. The suspension was agitated throughout the experiment with a magnetic 
stirrer. The pH was measured using pH-electrode (Metrohm AG CH-9101). The 
automatic computer-controlled titrator (Metrohm 719 S Titrino) was connected to a PC 
using a program Metrohm TiNet 2.5. The titration was started and the (i) immediate, (ii) 
four hours and (iii) 24 hours acid consumption was recorded. 
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7. RESULTS 

7.1. Acid consumption of Kittilä concentrate 

The acid consumption tests were conducted to determine the amount of acid needed to 
produce a specific pH in a suspension of the concentrate. The results of the acid 
consumption test were as given in Figure 7.1. The results show that the acid 
consumption of Kittilä concentrate increased as the pH decreased.  
 

 
Figure 7.1. Acid consumption of Kittilä concentrate (EKC B) immediately (blue) after titrating with 
sulfuric acid, after four hours (red) and after 24 hours (green).  

 
Immediate, 4 h and 24 h acid consumption was similar between pH 2–3.5. In the 

typical bioleaching pH range (pH 1.5–3.0), the 24 h acid consumption varied from 105 
g H2SO4/kgconcentrate (pH 3.0) to 1060 g/kgconcentrate (pH 1.5). Below pH 2.0 the acid 
consumption was markedly increased. The immediate acid consumption and 
consumption after 4 and 24 hours didn’t differ much in pH range of 1.5–3.5 (Figure 
7.1). These results show that acid consumption was low in the typical pH range of 
bioleaching. 
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7.2. Bio-oxidation of Kittilä concentrate using laboratory 
cultures 

Laboratory cultures were used to test the amenability of the gold-containing flotation 
concentrate to bio-oxidation.  

7.2.1. Bio-oxidation using laboratory culture 1 

Because it was noticed that bacteria were active only in the flasks supplemented with 
iron and sulfur, also this preliminary test was done with those supplements. The pH and 
redox in bio-oxidation flasks and chemical controls were as shown in Figure 7.2. In bio-
oxidation flasks, the pH decreased during the experiment (Figure 7.2). The final pH in 
bio-oxidation flasks was 1.4. The redox potential in bio-oxidation flasks increased 
during the first 14 days to ~430 mV and after 44 days the redox potential increased 
again to ~600 mV and was stable until the end of the experiment (Figure 7.2).  

In the chemical control the pH increased after 7 days but declined after that to a final 
value of 2.3. The redox potential fluctuated a little but remained below 400 mV 
throughout the experiment. The redox potential of chemical control declined during the 
first 7 days and the increase in redox potential and decrease in pH in the control flask 
after 44 days suggests that the control became contaminated. These results show that 
bio-oxidation of the Kittilä concentrate proceeded when laboratory culture 1 was 
supplemented with ferrous iron and elemental sulfur. 
 

 
Figure 7.2. The pH and redox during the bio-oxidation of EKC A using laboratory culture 1. The flasks 
were supplemented with ferrous iron and elemental sulfur. The error bars show the standard deviation 
(n=2). 
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The concentrations of ferrous and total iron in bio-oxidation and control flasks were 
as given in Figure 7.3. During the first 44 days, the ferrous iron concentration in bio-
oxidation flasks remained at a relatively high level (200–250 mg/l) from which the 
majority was due to the supplementation of ferrous iron (~200 mg/l). After 44 days, the 
ferrous iron concentration decreased markedly and remained below 25 mg/l until the 
end of the experiment (Figure 7.3 a). The total iron concentration on day 0 was due to 
the supplemented iron (~200 mg/l). The total iron concentration in bio-oxidation flasks 
increased slowly (~3 mg/l/d) during the first 65 days but the dissolution rate was a 
factor of 10 (~33 mg/l/d) from day 65 to 100. The total iron yield for bio-oxidation and 
chemical control were 44 % and 3 %, respectively. 

The ferrous iron concentration in the chemical control decreased during the first 40 
days but after that remained at 70–100 mg/l (Figure 7.3 a). The total iron concentration 
in chemical control decreased and remained low (100 mg/l) during the experiment 
(Figure 7.3 b). In the chemical control, the ferrous to ferric iron ratio was markedly 
bigger. These results show that the laboratory culture promoted the dissolution of iron 
from the Kittilä concentrate and oxidized the iron. 
 

 
Figure 7.3. The ferrous (a) and total iron (b) concentration during the bio-oxidation of EKC A using 
laboratory culture 1. The flasks were supplemented with ferrous iron and elemental sulfur. The error bars 
show the standard deviation (n=2). 
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The concentrations of arsenic and sulfate were as given in Figure 7.4. The arsenic 
concentration in bio-oxidation flasks increased during the first 22 days, remained 
constant until day 58 and then decreased (Figure 7.4). The final arsenic concentration at 
day 100 was ~300 mg/l. During bio-oxidation, the sulfate concentration decreased 
during the first 44 days of the experiment. However, sulfate concentration increased 
after day 44 and the concentration on day 80 was ~4500 mg/l. In the chemical control, 
the arsenic concentration remained below 50 mg/l and the sulfate concentration 
decreased during the experiment (Figure 7.4). The arsenic yield for bio-oxidation and 
chemical control were 60 % and 11 %, respectively. These results show that laboratory 
culture promoted the dissolution of arsenic and sulfate from the Kittilä concentrate. 

 
Figure 7.4. The arsenic and sulfate concentration during the bio-oxidation of EKC A using laboratory 
culture 1. The flasks were supplemented with ferrous iron and elemental sulfur. The error bars show the 
standard deviation (n=2). 

 
Overall, these results show that the laboratory culture 1 was able to oxidize Kittilä 

concentrate only when supplemented with ferrous iron and elemental sulfur. The 
increase in bio-oxidation activity after day 44 was shown in unison especially as an 
increase in redox potential and sulfate concentration and as a decrease in ferrous iron 
concentration. After 70 and 80 days bioleaching activity was shown also as an increase 
in total iron and arsenic concentration, respectively.  
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7.2.2. Adaptation of laboratory culture 2 to Kittilä concentrate 

To find a culture that could oxidize Kittilä concentrate without supplemented ferrous 
iron and elemental sulfur, the bio-oxidation of EKC A was tested with Laboratory 
culture 2. Preliminary experiment aimed to adapt the culture to Kittilä concentrate. The 
culture was adapted for the new substrate by using 0.1 % (w/v) of NFC and 0.9 % (w/v) 
of EKC A. Because this was a preliminary experiment, no chemical controls were 
prepared and the monitoring of Fe2+, Fetot, Ni, Co, As and SO4

2- was started from the 
day 22. 

The pH and redox were as shown in Figure 7.5. The starting pH of flasks were 3.2 
and the pH in bio-oxidation flasks decreased during the experiment (Figure 7.5) to a 
final pH of ~1.6. The redox potential in bio-oxidation flasks increased during the first 
37 days and remained high (>590 mV) until the end of the experiment. These results 
show that the laboratory culture 2 was able to bio-oxidize NFC and EKC A without 
additional ferrous iron and sulfur. 

 
Figure 7.5. The pH and redox potential during bio-oxidation of 0.1 % (w/v) NFC and 0.9 % (w/v) EKC A 
using laboratory culture 2. NFC was used to adapt the culture for the new substrate (EKC A). The error 
bars show the standard deviation (n=2). 
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Figure 7.6. The ferrous (a) and total iron (b) concentration during bio-oxidation of 10 % (w/w) NFC and 
90 % (w/w) EKC A using laboratory culture 2. NFC was used to adapt the culture for the new substrate 
(EKC A). The error bars show the standard deviation (n=2).The monitoring of ferrous and total iron was 
started from the day 22. 

 
Nickel and cobalt concentrations were as shown in Figure 7.7. The anticipated 

amounts of nickel and cobalt derived from NFC were reached after 30 days, indicating 
complete bioleaching of NFC (Figure 7.7). The Ni and Co concentration fluctuated 
almost at the same level during the experiment. The maximum yield for both Ni and Co 
was 73 % on the day 30. 

 
Figure 7.7. The nickel and cobalt concentration during bio-oxidation of 10 % (w/w) NFC and 90 % (w/w) 
EKC A using laboratory culture 2. NFC was used to adapt the culture for the new substrate (EKC A). The 
error bars show the standard deviation (n=2). The monitoring of nickel and cobalt was started from the 
day 22. 
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The arsenic and sulfate concentrations during bio-oxidation were as shown in Figure 
7.8. The arsenic concentration in bio-oxidation flasks increased from day 22 to day 86. 
The final arsenic concentration was 150 mg/l. The sulfate concentration increased 
during the experiment and the final sulfate concentration was 4600 mg/l. The final 
arsenic concentration (150 mg/l) was more than 10-fold the concentration that would 
result from the leaching of 0.1 % (w/v) NFC alone. The final arsenic yield after 86 days 
was 34 %. These results show that the laboratory culture 2 bio-oxidized also the EKC A 
and not just NFC. As a summary, these results show that bio-oxidation proceeded with 
Kittilä concentrate (e.g. high redox potential) even after bioleaching of the NFC was 
complete.  
 

 
Figure 7.8. The arsenic and sulfate concentration during bio-oxidation of 10 % (w/w) NFC and 90 % 
(w/w) EKC A using laboratory culture 2. NFC was used to adapt the culture for the new substrate (EKC 
A). The error bars show the standard deviation (n=2). The monitoring of arsenic and sulfate was started 
from the day 22. 
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7.2.3. Bio-oxidation using adapted laboratory culture 2 

As the new sample of Kittilä concentrate became available, bio-oxidation using adapted 
laboratory culture was tested on EKC B. The pH and redox during the bio-oxidation 
were as shown in Figure 7.9. The starting pH of flasks were 3.6 and the pH in bio-
oxidation flasks decreased, whilst the pH in chemical control increased during the 
experiment (Figure 7.9). The final pH in bio-oxidation flasks and chemical control were 
1.7 and 4.7, respectively. The redox potential in bio-oxidation flasks increased from 420 
mV to 630 mV during the first 22 days. After that the redox potential remained over 600 
mV. The redox potential in the chemical control remained below 400 mV during the 
experiment. These results show that the adapted laboratory culture was able to oxidize 
Kittilä concentrate without any supplementations. 

 
Figure 7.9. The pH and redox potential during bio-oxidation of EKC B using adapted laboratory    
culture 2.  
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The ferrous and total iron concentrations were as shown in Figure 7.10. The ferrous 
iron concentrations remained low (<40 mg/l) in bio-oxidation and chemical control 
(Figure 7.10 a). The total iron concentration in bio-oxidation flask increased during the 
experiment to a final concentration of 460 mg/l (Figure 7.10 b). In the chemical control, 
the total iron concentration decreased during the first 7 days and remained low (<7 
mg/l). The total iron yield in bio-oxidation flask and chemical control were 22 % and  
<1 %, respectively. These results show that that the adapted culture promoted the 
bioleaching of ferrous iron from Kittilä concentrate and subsequently oxidized ferrous 
iron to ferric iron. 
 

 
Figure 7.10. The ferrous (a) and total iron (b) concentration during bio-oxidation of EKC B using 
adapted laboratory culture 2.  
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The arsenic and sulfate concentrations during bio-oxidation were as shown in Figure 
7.11. The arsenic concentration in bio-oxidation flasks increased during the experiment 
to a final concentration of 60 mg/l. During the first 22 days the arsenic concentration in 
the chemical control was greater than in the bio-oxidation flasks. However, after 30 
days the arsenic concentration in the chemical control started to decrease (Figure 7.11). 
The arsenic yield in bio-oxidation flask and chemical control were 10 % and 3 %, 
respectively. Sulfate concentrations increased in the bio-oxidation flask and decreased 
in the chemical control. The final concentration was 7600 mg/l and 3900 mg/l for bio-
oxidation and chemical control, respectively. These results show that the adapted 
culture promoted the dissolution of arsenic from the Kittilä concentrate and formation of 
sulfate. 
 

 
Figure 7.11. The arsenic and sulfate concentration during bio-oxidation of EKC B using laboratory 
culture 2.  

 
Overall, these results show that the laboratory culture was able to bio-oxidize Kittilä 

concentrate after an adaption and enrichment phase. Oxidation was achieved without 
any supplementations.  

As a summary these experiment using laboratory cultures show that with 
supplementations and relatively long enrichment and adaptation phases the laboratory 
cultures promoted the oxidation of Kittilä concentrate. The results using laboratory 
culture 1 showed that with supplementation of ferrous iron and elemental sulfur, it is 
possible to bio-oxidize Kittilä concentrate. Moreover, the adapted laboratory culture 
was able to oxidize merely Kittilä concentrate. However, the results (such as yields of 
iron and arsenic after 50 days) from using adapted culture were not better than the 
results from the adaptation phase.  
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7.3. Enrichment of bio-oxidative bacteria from Kittilä mine 
site 

The best results of bioleaching can usually be achieved by using indigenous bacteria. 
They are the most adapted to use the mineral concentrate as substrate and therefore also 
the bioleaching is most efficient. When the samples became available the enrichment 
phase for indigenous bacteria were performed to adapt and enrich bacteria for the bio-
oxidation of Kittilä concentrate (EKC B). 

The results from the three enrichment phases of all four samples from Kittilä mine 
site were as shown in Appendix 2. The results for sample 2, 3 and 4 were very similar 
whereas sample 1 showed low bio-oxidation activity. The results of the final day from 
the enrichment of sample 3 were as shown in Table 7.1. The starting pH and redox 
potential in all flasks were 2.5–3.0 and 320–400 mV, respectively. The ferrous iron 
concentration on day 0 was dependent on the combination of the substrates (~100 mg/l 
for EKC, 500–700 mg/l for EKC+Fe2++S0, 1500–2000 mg/l for Fe2++S0).  

The pH decreased in all flasks and redox potential increased to approximately 600 
mV (Table 7.1). The ferrous iron concentration declined during every enrichment phase 
below 40 mg/l (Table 7.1). After the third enrichment phase, the total iron and arsenic 
concentration in EKC flasks after 7 days of bio-oxidation were 715 mg/l (yield 34 %) 
and 393 mg/l (yield 65 %), respectively. The results from sample 2 and 4 were similar 
with these of sample 3 (Appendix 2). 
 
Table 7.1. Monitoring results with standard deviation (n=2) of the enrichment phase of sample 3. 
Parameter values are the final values of each enrichment phase. Results from sample 1, 2 and 4 can be 
found from Appendix 2. 

Sample 3 

Enrichment  Parameter   EKC  EKC+Fe2++S0  Fe2++S0 

1st  pH  2.4  0.1  2.3  0.1  2.1     0.1 

redox (mV)  622  3  629  1  635     2 

   Fe2+ (mg/l)  6  0  10  0  13     1 

2nd   pH  2.1  0.1  2.3  0.1  2.4     0.1 

redox (mV)  627  4  618  1  624     1 

   Fe2+ (mg/l)  5  0  12  3  28     5 

3rd  pH  2.2  0.1  2.1  0.1  2.1     0.1 

redox (mV)  627  3  613  4  618     2 

Fe2+ (mg/l)  8  2  22  4  35     6 

Fetot (mg/l)  715  18                   

   As (mg/l)  393  4                   

 
These results show that the enrichment culture was very active already during the 

first enrichment phase and also during the third enrichment phase. The high yields for 
iron (34 %) and especially for arsenic (65 %) were achieved during only 7 days of bio-
oxidation which is notably better than when using laboratory cultures. 
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7.4. Bio-oxidation of the Kittilä concentrate using 
enrichment culture 

7.4.1. Effects of pH on bio-oxidation 

The bio-oxidation experiment using different starting pH was conducted to determine 
the effect of pH on the dissolution of iron and arsenic from Kittilä concentrate (EKC B).
Figure 7.12 shows pH and redox change during the experiment. The pH decreased in all 
bioleaching flasks; the biggest decrease (from 3.2 to 2.7) occurring with the highest 
starting pH. The smallest change (from 1.8 to 1.6) in pH during the experiment occurred 
when starting with pH 1.8. The pH of chemical controls remained almost at the same 
level (starting pH’s 2.7 and 1.8), except for starting pH 3.2 where the final pH increased 
to 5.4. Redox potential increased rapidly (after 7 days) in all bio-oxidation flasks before 
stabilizing at approximately 630 mV regardless of the different starting pH’s (Figure 
7.12 c). The redox values of chemical controls decreased during the experiment and 
were in the range of 340–390 mV after 29 days (Figure 7.12 d). These results show that 
the enrichment culture proceeded to bio-oxidize Kittilä concentrate. 

 

 

 
Figure 7.12. The pH and redox when bio-oxidizing EKC B at different starting pH. The error bars show 
the standard deviation (n=3). 
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The ferrous and total iron concentrations during the experiment were as shown in 
Figure 7.13. The ferrous iron concentration in all bio-oxidation flasks decreased during 
the first 7 days and remained low (<39 mg/l) during the 29 days of experiment (Figure 
7.13 a). The ferrous iron concentration in both bio-oxidation and chemical control with 
starting pH 3.2 remained low (<10 mg/l) during the experiment. At the same time, the 
total iron concentration increased (Figure 7.13 c). The increase was greatest in the flasks 
with starting pH of 1.8, reaching up to 72 % yield (Table 7.2). In the chemical controls, 
the soluble iron was mainly in the ferrous form and the total iron concentration 
remained at the same level (<400 mg/l) during the experiment (Figure 7.13 b, d). These 
results show that (i) the enrichment culture promoted the dissolution of ferrous iron 
which was subsequently oxidized to ferric iron and that (ii) the decrease in the starting 
pH increased the concentration of dissolved iron during bio-oxidation.  

 

 

 
Figure 7.13. The effect of different starting pH to ferrous and total iron concentration when bio-oxidizing 
Kittilä concentrate. The error bars show the standard deviation (n=3). 

 
Table 7.2. The effect of starting pH on iron dissolution yield after 29 days of bio-oxidation. 
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The arsenic and sulfate concentrations were as shown in the Figure 7.14. Arsenic 
concentration increased in all bio-oxidation flasks during the first 7 days but 
subsequently the arsenic concentration decreased in starting pH 3.2 and 2.7 (Figure 7.14 
a). At that time the pH of the flasks was 2.3–2.5 and in the flasks with starting pH of 1.8 
the pH was 1.7. The arsenic concentration increased during the first 22 days in the 
starting pH 1.8 flasks and reached a final yield of 94 percent (Table 7.3). Sulfate 
concentration in all bio-oxidation flasks increased especially during the first 14 days 
(Figure 7.14 c). After that the increase of sulfate concentration was slower. During the 
experiment the sulfate concentration increased by 2000 mg/l in the flasks with starting 
pH 3.2 and 2.7, whereas with the starting pH 1.8 the increase was ~6000/mg/l.  In the 
control flasks the sulfate concentration decreased during the experiment (Figure 7.14 d). 
These results show that (i) the enrichment culture promoted the dissolution of arsenic 
and sulfate from Kittilä concentrate and that (ii) the decrease in the starting pH 
increased the concentration of dissolved arsenic and sulfate during bio-oxidation.  

 

 
Figure 7.14. The arsenic and sulfate concentration during the bio-oxidation of Kittilä concentrate at 
different starting pH. The error bars show the standard deviation (n=3). 
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Table 7.3. The effect of starting pH on arsenic dissolution yield after 29 days of bio-oxidation compared 
to theoretical maximum yield. 

Starting 
pH 

Bio‐oxidation 
yield (%) 

Chemical control 
yield (%) 

3.2  7  5 

2.7  19  19 

1.8  94  19 

 
These results show that Kittilä concentrate can be oxidized using Kittilä enrichment 

culture. Also, that the starting pH markedly affects the dissolved concentrations of iron 
and arsenic; iron and arsenic yields were the greatest when the starting pH was 1.8. The 
decrease in starting pH increased the dissolved iron and arsenic concentrations already 
in the beginning of the experiment but also the final concentrations were notably higher 
with lower starting pH.  

The final iron and arsenic yields of different bio-oxidative cultures were as 
presented in Figure 7.15. The greatest yields were achieved when using Kittilä 
enrichment (KE) with starting pH 1.8 (incubation time 29 days, final pH 1.6). The 
second highest yields were achieved with laboratory culture 1, however with an 
incubation time of 100 days and final pH 1.4 (Figure 7.15). These results show that the 
best bio-oxidation results were achieved using Kittilä enrichment culture and starting 
pH 1.8. Laboratory culture 1 with 100 days of incubation and final pH of 1.4 did not 
achieve as high yields as Kittilä enrichment. 
 

 
Figure 7.15. The total iron and arsenic yields in the experiments using different bio-oxidative cultures 
and starting pH. KE refers to the Kittilä enrichment culture. The number in parentheses represents the 
days of incubation. 
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7.4.2. Effects of pulp density on bio-oxidation 

Pulp density experiment was performed to see the effect of different pulp density in bio-
oxidation parameters and to metal yields. The pH and redox of 10 % (w/v) pulp density 
were as given in Figure 7.16. The final pH in bio-oxidation flasks was the same or 
higher than the chemical control. The redox potential in bio-oxidation flasks was similar 
to chemical control indicating no bio-oxidative activity. Due to this, detailed results 
from 1 % and 5 % pulp densities will be presented in the following sections. 
 

 

 
 
Figure 7.16. The pH and redox potential during bio-oxidation of 10 % pulp density (w/v) EKC B using 
Kittilä enrichment culture.  
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The pH and redox potential at 1 % and 5 % pulp density were as presented in Figure 
7.17. The pH in bio-oxidation flasks decreased at 1 % pulp density. At 5 % pulp density 
the pH increased during the first 15 days but subsequently decreased to a final pH value 
of 1.9 (Figure 7.17 a). The error bars represent the variations in the three replicate bio-
oxidation flasks. The pH in the chemical controls increased during the experiment 
(Figure 7.17 b).  

The redox potential of bio-oxidation flasks increased at 1 % pulp density and 
remained over 600 mV after 7 days. At the 5 % pulp density, the redox potential 
decreased during the first 7 days but after that increased until the end of the experiment. 
Also redox potential in different bio-oxidation flasks varied markedly between flasks 
(high error bars; Figure 7.17 c). The redox of the chemical control decreased during the 
first 15 days but subsequently increased in 1 % chemical control from 370 mV to a final 
value of ~630 mV (Figure 7.17 c). This 1 % chemical control was noticed to be 
contaminated during the experiment. The redox at 5 % pulp density chemical control 
remained low (~350 mV) during the experiment (Figure 7.17 d). These results show that 
bio-oxidation proceeded with 1 % but was restrained with 5 % pulp density. 

 

 
Figure 7.17. The pH and redox during bio-oxidation using different pulp densities. The control for 1 % 
pulp density became contaminated after day 15. The error bars show the standard deviation (n=3). 
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The ferrous and total iron concentrations were as shown in Figure 7.18. The ferrous 
iron concentration in bio-oxidation flasks at 1 % pulp density decreased and remained 
low (<20 mg/l) after 7 days (Figure 7.18 a). During the first seven days, the ferrous iron 
concentration increased in bio-oxidation flasks at 5 % pulp density but subsequently 
decreased from 1000 mg/l to 400 mg/l (Figure 7.18 a). The error bars are high due to the 
variations between the three replicate flasks. The ferrous iron concentration remained 
almost at the same level in the chemical control of 5 % pulp density but decreased in the 
flasks with 1 % pulp density due to the contamination (Figure 7.18 b). 

The total iron concentration in the bio-oxidation flasks at 1 % pulp density increased 
during the first 15 days and then remained at ~1400 mg/l (Figure 7.18 c). At 5 % pulp 
density the total iron concentration increased from ~900 mg/l to ~1500 mg/l. The final 
total iron concentration in the chemical control was 800 mg/l (1 %) and 1100 mg/l (5 %) 
(Figure 7.18 d). The dissolved iron yield in 1 % and 5 % was 68 % and 15 %, 
respectively. The high yield (38 %) in 1 % chemical control is due to the contamination 
(Table 7.4). These results show that the Kittilä enrichment culture leached ferrous iron 
and oxidized it to ferric iron, however the oxidation activity was restrained with 5 % 
pulp density. Also the dissolved iron yields were lower for 5 % pulp density. 
 

 

 
Figure 7.18. The ferrous and total iron concentration during bio-oxidation using different pulp densities. 
The control for 1 % pulp density became contaminated after day 15. The error bars show the standard 
deviation (n=3). 
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Table 7.4. The effect of pulp density on iron dissolution yield after 29 days of bio-oxidation. 

Pulp density %  
(w/v) 

Bio‐oxidation 
yield (%) 

Chemical control 
yield (%) 

1  68  38 

5  15  10 

 
The arsenic and sulfate concentrations were as presented in Figure 7.19. The arsenic 

concentration in the bio-oxidation flasks at 1 % pulp density increased during the first 
15 days and subsequently remained at the same level at 500 mg/l (Figure 7.19 a). The 
arsenic concentration in 5 % pulp density increased during the experiment and the final 
concentration was ~740 mg/l. The error bars are high due to the variations between the 
three replicate flasks. The arsenic concentration in the chemical control increased and 
the final concentrations were 340 mg/l and 390 mg/l at 1 % and 5 % pulp densities, 
respectively (Figure 7.19 b). The dissolved arsenic yields in 1 % and 5 % were 82 % 
and 24 %, respectively (Table 7.5).  

 

 
Figure 7.19. The arsenic and sulfate concentration during bio-oxidation using different pulp densities. 
The control for 1 % (w/v) pulp density became contaminated after day 15. The error bars show the 
standard deviation (n=3). 

 
Table 7.5. The effect of pulp density on arsenic dissolution yield after 29 days of bio-oxidation. 

Pulp density %  
(w/v) 

Bio‐oxidation 
yield (%) 

Chemical control 
yield (%) 

1  82  55 

5  24  13 
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The sulfate concentration in the bio-oxidation flasks increased during the 
experiment at 1 % pulp density. At the 5 % pulp density, the sulfate concentration 
increased after 15 days and the variations between replicate flasks were notable (Figure 
7.19 c). The sulfate concentration decreased during the first 15 days in the chemical 
control at 1 % pulp density but afterwards increased due to the contamination. The 
sulfate concentration decreased during the experiment in the chemical control at 5 % 
pulp density (Figure 7.19 d). These results show that the Kittilä enrichment culture 
promoted the dissolution of arsenic and sulfate from Kittilä concentrate. However, the 
dissolution was restrained in 5 % pulp density. 

Overall, these results show that when using shake flasks, no bio-oxidation activity 
was noticed with the 10 % pulp density. The Kittilä enrichment culture oxidized Kittilä 
concentrate when using 1 % and 5 % pulp density; however the oxidation was restrained 
with 5 % pulp density. Also in this experiment, the arsenic dissolution yields were 
higher than those of iron.  

7.4.3. Bio-oxidation in continuously stirred tank reactor 

Batch reactor experiment using continuously stirred tank reactors (CSTRs) were 
performed to produce a leach residue for cyanidation analysis. The pH and redox 
potential during bio-oxidation in CSTRs were as given in Figure 7.20. There were only 
minor variations in the pH between the readjustment times. (Figure 7.20 a). After 7 
days, the redox potential was 600 mV (Figure 7.20 b). These results show that the 
Kittilä enrichment culture proceeded to oxidize Kittilä concentrate in CSTRs. 
 

 
Figure 7.20. The variation of pH and redox potential during the 35 days bio-oxidation of Kittilä 
concentrate using CSTRs. The pH was measured before adjusting it to 1.8 with acid/alkali but after 
redressing the evaporation with Milli-Q water. The error bars show the standard deviation (n=3). 
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The ferrous iron and total iron concentrations were as shown in Figure 7.21. The 
ferrous iron concentration decreased from 200–600 mg/l to 50 mg/l during the first 7 
days (Figure 7.21 a) and remained below 50 mg/l during the experiment. 

The total iron concentration increased to ~2200 mg/l during the first 28 days and 
subsequently decreased to 2100 mg/l (Figure 7.21 b). The dissolution of arsenic was 
similar: the concentration increased during 21 days and after that the concentration 
remained at ~1000 mg/l (Figure 7.22 a). The final yields of iron and arsenic on day 35 
were 20 % and 33 %, respectively. The sulfate concentration increased during 28 days 
and then decreased (Figure 7.22 b). The decrease in total iron, arsenic and sulfate 
concentration was relatively similar at the end of the experiment. These results show 
that the Kittilä enrichment culture promoted the dissolution of total iron, arsenic and 
sulfate and oxidized ferrous iron to ferric iron. In addition, the results suggest formation 
of precipitates after 28 days due to the decrease in iron, arsenic and sulfate 
concentrations.  
 
 

 
Figure 7.21. The change in ferrous and total iron dissolution from Kittilä concentrate during the bio-
oxidation experiment. The error bars show the standard deviation (n=3). 

 

 
Figure 7.22. The concentrations of arsenic and sulfate when bio-oxidizing the Kittilä concentrate. The 
error bars show the standard deviation (n=3). 
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These results show that the Kittilä enrichment culture oxidized Kittilä concentrate 
during CSTR experiment. The increase in concentrations of iron, arsenic and sulfate 
ceased on day 28 and subsequently the concentrations of iron and sulfate decreased 
which might be due to the formation of precipitates. However, the redox potential value 
remained high and ferrous iron concentration was less than 50 mg/l during the 
experiment.  

Overall, these bio-oxidation results show that by using Kittilä enrichment culture the 
best bio-oxidation results were achieved. The bio-oxidation proceeded in 1 % pulp 
density regarding of the starting pH. However, the greatest concentrations of iron, 
arsenic and sulfate were achieved with the starting pH 1.8. The 5 % pulp density 
restrained the bio-oxidation activity in shake flasks but not when using CSTRs. 
However, the dissolution of iron, arsenic and sulfate was ceased after 28 days and 
subsequently the concentrations declined suggesting formation of precipitates. 

7.5. Gold recovery from cyanide leaching to leach residue 
from CSTR 

After 2 hours of cyanide leaching the gold recovery was 39 %. Subsequently, the 
recovery rate decreased and the final gold recovery after 24 hours was 36 %.  The lime 
consumption was high (41 kg/t) due to the low pH of the feed material and sodium 
cyanide (NaCN) consumption was 0.64 kg/t. These results show that gold extraction 
was incomplete, most likely due to partial dissolution of the sulfidic matrix. 
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7.6. Bioleaching flotation side-products of talc production 

The bioleaching of NFC and GFC was performed to complete previous work. The aim 
in this experiment was to use also lower pH that would enable the dissolution of all 
constituents in the concentrates. It was also studied that how a culture which was 
adapted to pH 3.0 can bioleach at pH 1.8. 

7.6.1. The effect of pH on bioleaching nickel concentrate 

The bioleaching was conducted using different starting pH to determine the effect of pH 
on the dissolution of Ni, Co, Fe and As. Due to the change in the pH during the 
autoclaving, the adjusted pH 2.5 was increased to almost 3.0 and therefore only pH 1.8 
significantly differs from the other pH’s used. 

The results of pH and redox during bioleaching are given in Figure 7.23. The pH 
decreased in all bioleaching flasks (Figure 7.23 a) whereas the pH in chemical controls 
(Figure 7.23 b) increased during the experiment. The redox potential increased in all of 
the bioleaching flask (Figure 7.23 c) whereas in the chemical controls (Figure 7.23 d) 
the redox decreased and remained low (<350 mV after day 7) through the experiment. 
These results show that the culture was able to bioleach nickel concentrate regardless of 
the pH.  

 
Figure 7.23. The pH and redox during bio- (a, c) and chemical (b, d) leaching of nickel concentrate in 
shake flasks with different initial pH. The error bars show the standard deviation (n=3). 
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The ferrous iron and total iron concentrations were as shown in Figure 7.24. At 
starting pH of ~3.0 the ferrous iron concentration remained low (<200 mg/l) during 
bioleaching (Figure 7.24 a). The total iron concentration remained low (<500 mg/l) in 
flasks with starting pH of ~3.0. The total iron concentration in starting pH 1.8 was 
notably high (1500 mg/l) after 7 days but decreased to 900 mg/l on day 30 (Figure 7.24 
c). On the first day of experiment, almost all of the soluble iron was in ferrous iron form 
(Figure 7.24 a and b). At the end of the experiment soluble iron was in ferric form in the 
bioleaching flasks and in ferrous form in the chemical controls. The total iron yield was 
highest in the flask with starting pH 1.8 (28 %; Table 7.6). These results show that the 
oxidation of ferrous iron to ferric iron occurred in every flask with different starting pH 
and that the final total iron concentration was the greatest in the flasks with starting pH 
1.8.  

 

 
Figure 7.24 The effect of starting pH on ferrous iron and total iron concentration of nickel concentrate 
during bioleaching. The error bars show the standard deviation (n=3). 
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The concentrations of nickel and cobalt were as presented in Figure 7.25. The 
highest yields for nickel and cobalt was achieved when using a starting pH 1.8 (Figure 
7.25 a and c), where also the chemical leaching (Figure 7.25 b and d) was higher 
comparing to pH 3.0 and 2.5. The yields for nickel bioleaching were 31 % for starting 
pH 3.0, 21 % for pH 2.5 and 60 % for pH 1.8 (Table 7.7). 

Figure 7.25. The nickel and cobalt concentration when bioleaching nickel concentrate at different 
starting pH. The error bars show the standard deviation (n=3). 
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The pattern of cobalt dissolution was similar to that of nickel. The highest 

concentration of cobalt was achieved in the flasks with starting pH of 1.8. The yields for 
cobalt bioleaching were 31 % for starting pH 3.0, 30 % for pH 2.5 and 49 % for pH 1.8 
(Table 7.8). These results show that the highest yields of nickel and cobalt were 
achieved using starting pH 1.8. The final nickel yields were higher than cobalt yields 
when using starting pH 1.8. 
 
Table 7.8. The effect of starting pH on cobalt yield after 30 days of bioleaching compared to theoretical 
maximum yield.  

Starting pH 
 

Bioleaching 
yield (%) 

Chemical control 
yield (%) 

3.0  31  4 

2.5  30  3 

1.8  49  14 

 
The concentrations of arsenic and sulfate were as shown in Figure 7.26. The 

concentration of arsenic was low (<20 mg/l) in bioleaching flasks (Figure 7.26 a) and in 
chemical controls (Figure 7.26 b). With starting pH 1.8, the arsenic concentration 
increased during the first 7 days but subsequently remained at the same level in the 
bioleaching flasks. The dissolution of arsenic in chemical controls was very similar to 
the bioleaching flasks with starting pH’s of 3.0 and 2.5 (Figure 7.26 a and b). There was 
a high variation for starting pH 1.8 in the dissolution of arsenic in the three replicate 
flasks (Figure 7.26 a). The arsenic yields for starting pH 3.0 and 2.5 were smaller than 
for starting pH 1.8 (Table 7.9). 
 
Table 7.9. The effect of starting pH on arsenic yield after 30 days of bioleaching compared to theoretical 
maximum yield. 

Starting pH 
 

Bioleaching 
yield (%) 

Chemical control 
yield (%) 

3.0  11  12 

2.5  4  1 

1.8  33  5 

 
The sulfate concentration increased in bioleaching flasks during the experiment. In 

the flasks with starting pH 2.5, the increase was not that clear and sulfate concentration 
declined after 15 days. The sulfate concentration decreased in the chemical controls. 
These results show that the decrease in starting pH promoted the dissolution of arsenic 
and sulfate from the nickel concentrate. 
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Figure 7.26. The arsenic (a, b) and sulfate (c, d) concentration when bioleaching nickel concentrate at 
different starting pH. The error bars show the standard deviation (n=3). 
 

Overall these results show that the laboratory culture was able to bioleach at starting 
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7.6.2. The effect of pH on bioleaching gersdorffite concentrate 

The bioleaching was conducted using different starting pH to determine the effect of pH 
on the dissolution of Ni, Co, Fe and As. The pH and redox during bioleaching were as 
presented in Figure 7.27. The pH in the bioleaching flasks varied markedly between the 
flasks during the experiment. In bioleaching flasks at starting pH 3.0 the pH remained at 
the same level (Bioleaching B; Figure 7.26 a) or decreased from 3.1 to 2.1 (Bioleaching 
A; Figure 7.27 a). The pH in the control flask increased to 5.4 during the first seven 
days but then decreased to 3.9 on day 30.  

With the starting pH of 2.5, the bioleaching replicate C was the only flask where the 
pH remained low (<4.0) during the experiment (Figure 7.27 a). The pH was similar in 
the bioleaching replicate A and B and in the chemical control and the final pH in those 
flasks were 5.0–5.5.  

At the starting pH of 3.0, the redox potential increased in the Bioleaching A flask 
(Figure 7.27 c). The redox remained low in Bioleaching B (<330 mV) and in chemical 
control (<290 mV) (Figure 7.27 d).  

At the starting pH 2.5, the final redox potential was low (290 mV) in Bioleaching A, 
Bioleaching B and in the chemical control. The redox potential remained at 
approximately 350 mV during the experiment in the Bioleaching C. These results 
indicate low bioleaching activity, especially in flasks with starting pH 2.5 which had no 
supplemented iron and sulfur.  

 

 
Figure 7.27. The pH and redox during bioleaching of GFC using different starting pH. In the experiment 
of starting pH 3.0, flasks were supplemented with ferrous iron and elemental sulfur. 
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The ferrous and total iron concentrations were as shown in Figure 7.28. The ferrous 
iron concentration decreased during the first seven days and remained low (<20 mg/l) in 
all flasks (Figure 7.28 a). The flasks with starting pH of 3.0 were supplemented with 
ferrous iron (Figure 7.28 a) and elemental sulfur. There was not a notable difference in 
the ferrous iron concentration between the bioleaching flasks and chemical controls 
(Figure 7.28 a and b).  

The total iron concentration in the experiment with starting pH 3.0 decreased after 
seven days to ~5 mg/l and remained lower than 20 mg/l during the experiment (Figure 
7.28 c). The total iron concentration was very similar also in the flasks with starting pH 
of 2.5 and there was not a notable difference in total iron concentration between the 
bioleaching and chemical controls (Figure 7.28 c and d). These results show that ferrous 
iron concentration remained low but also total iron concentration was very low with 
both starting pH’s.  

 

 
Figure 7.28. The ferrous and total iron concentration during bioleaching of GFC using different starting 
pH.  In the experiment of starting pH 3.0, flasks were supplemented with ferrous iron and elemental 
sulfur. 
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The nickel and cobalt concentrations were as presented in Figure 7.29. The 
concentration of nickel remained very similar during the experiment in bioleaching 
flasks but also in chemical control with starting pH of 3.0. The nickel concentration in 
bioleaching flasks was 400–500 mg/l and in chemical control ~300 mg/l (Figure 7.29 a). 
With the starting pH of 2.5, the final nickel concentration in bioleaching flasks and 
chemical control were very similar (from ~550 mg/l to ~600 mg/l). 

The dissolution of cobalt was quite similar to the dissolution of nickel. The final 
concentration of cobalt in the experiment of starting pH 3.0 was 18 mg/l for Bioleaching 
B. The Bioleaching A and chemical control had the same cobalt concentration (6 mg/l; 
Figure 7.29 c). There was no notable difference of cobalt concentration with starting pH 
2.5 between the bioleaching and chemical control (Figure 7.29 d). These results show 
that the leaching was very similar in bioleaching flasks and chemical controls, 
indicating a low bioleaching activity of the culture.  

 

 

 
Figure 7.29. The nickel and cobalt concentration during bioleaching of GFC using different starting pH. 
In the experiment of starting pH 3.0, flasks were supplemented with ferrous iron and elemental sulfur. 
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The concentrations of arsenic and sulfate were as presented in Figure 7.30. With 
starting pH 3.0, the concentration of arsenic increased during the first seven days and 
then remained at the same level (300–400 mg/l) in bioleaching flasks and in chemical 
control (Figure 7.30 a). With starting pH 2.5, the arsenic concentration increased during 
the first seven days and then decreased to a final concentration of 500 mg/l on day 30. 
The concentrations were similar in bioleaching flasks and in chemical control (Figure 
7.30 b). 

The concentration of sulfate decreased in all flasks with starting pH 3.0 and 2.5. 
There was no clear difference between the bioleaching flasks and chemical controls 
(Figure 7.30 c and d).  

These results show that also the concentrations of arsenic and sulfate were very 
similar in bioleaching flasks and chemical controls. In addition also the decrease in 
sulfate concentration during the experiment indicates low bioleaching activity.  

 

 
Figure 7.30. The arsenic and sulfate concentration during bioleaching of GFC using different starting 
pH. In the experiment of starting pH 3.0, flasks were supplemented with ferrous iron and elemental 
sulfur. 
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7.7. The bacterial composition of bioleaching and bio-
oxidation cultures 

Microbial analysis was performed to examine the microbial population in the cultures 
during the experiments. The differences in cultures illuminate the bioleaching and bio-
oxidation results. The results from DGGE were as shown in Figure 7.31. All samples 
were successfully analyzed, except sample 2 and 5 which showed no bioleaching 
activity (Figure 7.31). The sequence data from the DGGE bands was as shown in 
Appendix 3. The sequence similarities were very high for every DGGE band (>95 %; 
Appendix 3). 

 
Figure 7.31. Microbial analysis of samples during the bioleaching and bio-oxidation experiments. 
Picture of the DGGE gel. Each band on the gel most likely represents one type of bacteria.The numbers 
above the bands represents the samples described in chapter 6.2.4. in Table 6.6. 
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All cultures contained several different bacteria with each type of concentrate. 
Acidithiobacillus ferrooxidans was present in all samples (DGGE bands 8, 23, 30, 45). 
Also Alicyclobacillus sp. was present in all samples (DGGE bands 13, 26, 35, 36, 47, 
48). Many same bacteria were presented in NFC and GFC. Acidithiobacillus caldus was 
associated with NFC and GFC (DGGE bands 9, 24, 31) but not with EKC. Thiomonas 
cuprina/Thimonas arsenivorans was present in NFC (sample 3, DGGE band 25) but 
also in EKC (sample 8, DGGE band 52) which had the laboratory culture 2, originated 
from NFC and GFC, as inoculum. The bacteria present in Kittilä enrichment culture 
were Acidithiobacillus ferrooxidans, Alicyclobacillus sp. and Acidithiobacillus 

ferrivorans. 
These results show that cultures used in bioleaching and bio-oxidation were diverse 

including many acidophilic bacteria. The most dominant bacteria were Acidithiobacillus 
ferrooxidans and Alicyclobacillus sp. The full set of results are given in Appendix 3. 

7.8. Summary of the results and main findings 

This work showed that the refractory gold (Kittilä) concentrate was amenable to bio-
oxidation and the highest metal recoveries were obtained using microorganisms 
indigenous to the Kittilä mining site. The Kittilä enrichment culture included several 
acidophilic bioleaching bacteria. In shake flasks dissolved iron and arsenic 
concentrations increased with decreasing pH. Compared to starting pH 3.2 and 2.5, with 
a starting pH of 1.8, the dissolved iron and arsenic yields were the highest (72 % for Fe 
and 94 % for As). Increasing the pulp density decreased the bio-oxidation activity and 
yields. Bio-oxidation in stirred tank reactors maintained at a constant pH of 1.8 (27 oC), 
resulted in yields of 20 % Fe and 33 % As. After 22 days, concentrations of Fe and 
SO4

2- decreased, suggesting a formation of jarosite type of precipitates. 
The bioleaching work showed that the culture was able to leach the nickel flotation 

concentrate at pH 1.8. The decrease in pH increased the dissolution of iron, nickel, 
cobalt and arsenic. The culture used for the bioleaching of gersdorffite flotation 
concentrate had a low bioleaching activity. 
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8. DISCUSSION 

8.1. Bio-oxidation and liberation of refractory gold 

Arsenopyrite is more readily leached than pyrite and usually contains more gold (Ciftci 
& Akcil 2010; Climo et al. 2000; Fomchenko et al. 2010; Henao & Godoy 2010; 
McMullen & Thomas 2002; Ubaldini et al. 1997). Thus, the bio-oxidation process does 
not have to achieve 100 % oxidation of sulfides to permit adequate gold recovery. 
Sulfide oxidation of >85 % has been reported to result in >90 % gold yields (Ciftci & 
Akcil 2010). In this work, arsenic was completely dissolved from Kittilä concentrate 
after 14 days of bio-oxidation in shake flasks with starting pH 1.8. In this concentrate, 
70 % and 30 % of the gold is associated with arsenopyrite and pyrite, respectively. 
Therefore the total dissolution of arsenic indicates that the arsenopyrite matrix was 
dissolved and, therefore, that a high proportion of the gold was liberated. However, 
during bio-oxidation in stirred tanks (pH 1.8, 27 oC) iron and arsenic yields were 20 % 
and 33 %, respectively, after 35 days of incubation. A comparison to the results of other 
bio-oxidation experiments for refractory gold ore (Table 8.1) shows that, in all cases, 
more than 78 % of gold was recovered after bio-oxidative pretreatment (Table 8.1). The 
gold recovery from the leach residue produced by bio-oxidation of the Kittilä 
concentrate was 36 %. In the context of recent studies, the recovery was low but was 
consistent with the yields of iron and arsenic which indicated that oxidation of the 
mineral matrix was incomplete.  
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Table 8.1. The parameters and results of refractory gold concentrate bio-oxidation experiments. All the 
experiments were performed in tank reactors, except the shake flask experiments indicated with an 
asterisk (*). 

Parameters  Results 
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10  4.5  1.9  33 44  93 ‐  Shahversi et al. (2001) 

5  10  1.8  30 ‐  78 20 Groza et al. (2008) 

14  5  1.8  36 ‐  98 80 Climo et al. (2000) 

12  1.5  1.8  30 80 ‐  ‐  Jiang et al. (2008)* 

9.5  15  2.0  30 95 80 49 Langhans et al.  (1995) 

3  20  2.0  30 ‐  84 ‐  Ubaldini et al. (1997) 

2.5  8  1.2  ‐  95 ‐  ‐  Xie et al. 2009 

6  15–20  ‐  40 95 97    Sovmen et al. 2009 

18  5  2  30 95 90 35 Ciftci & Akcil 2010* 

8  17  1.8  39 71 93 57 Fomchenko et al. 2010 

8.2. The effect of pH on the dissolution and precipitation 
of Fe and As 

The aim of bio-oxidative pretreatment of the refractory gold concentrate is to produce a 
leach residue in which (i) the gold is available for extraction via cyanidation, and (ii) 
contaminants that would increase cyanide consumption are minimized. In shake flasks, 
the dissolution of iron and arsenic from Kittilä concentrate was strongly affected by the 
starting pH: the lower the starting pH, the higher the concentrations and yields of 
dissolved iron and arsenic. Arsenate (As(V)) can sorb onto iron hydroxides and this is 
dependent on the pH due to its effect on the surface charge of aqueous arsenate and iron 
oxy-hydroxide. An increase in acidity increases the sorption of As(V) onto goethite, 
however similar mechanism is not known for jarosite. (Asta et al. 2009) Although 
jarosite is a common by-product in bio-oxidation of iron-containing metal sulfides, 
jarosite is not much involved in the precipitation of arsenic (Duquesne et al. 2003; 
Henao & Godoy 2010). The adsorption of As(III) on ferrihydrite can occur at relatively 
high concentrations but only slightly at low pH. Nevertheless, poorly ordered As(III) 
and Fe(III) hydroxides can be formed in acidic conditions (Duquesne et al. 2003). An 
increase in sulfate concentration decreases the sorption of arsenate onto goethite and 
onto jarosite (Asta et al. 2009). Although ferric iron and arsenate (As(V)) co-
precipitation usually dominates, also arsenite (As(III)) can co-precipitate as tooeleite 

(Fe6(AsO3)4(SO4)(OH)4⋅4H2O) or with schwertmannite (Fe8O8(OH)5.5(SO4)1.25) which 
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is catalyzed by Acidithiobacillus ferrooxidans (Duquesne et al. 2003; Egal et al. 2009; 
Morin et al. 2003). Recent work suggests that the dissolution and precipitation reactions 
are competing and are influenced by the concentrations of arsenite, arsenate, ferric iron 
and arsenopyrite (Breed et al. 2000) and their interactions at differing pH values. The 
presence of arsenic in solution increased the solubility of iron significantly at pH 2.7 but 
not at pH ~3.4 (Bolin & Sundkvist 2008).  

The formation of elemental sulfur on the mineral surface may hinder the oxidation 
mechanism. This elemental sulfur from the mineral surface can be utilized by sulfur-
oxidizing bacteria and subsequently remove the passivating layer. However, formation 
of oxyanions of sulfur or ferric arsenate may be the cause of passivating layer. (Corkhill 
& Vaughan 2009) There is no consensus about the surface chemistry of oxidized 
arsenopyrite (Corkhill & Vaughan 2009) and therefore more research is needed. In 
CSTRs, after 28 days of bio-oxidation, the concentration of sulfate decreased notably. 
There was also a decrease in the ferric iron concentration whereas arsenic 
concentrations remained the same. This suggests a formation of precipitates consisting 
mainly of sulfate and ferric iron. Therefore the precipitates may be jarosite 
(KFe3(SO4)2(OH)6) or schwertmannite (Fe8O8(OH)5.5(SO4)1.25) which do not involve 
arsenic precipitation but decrease the sulfate and ferric iron concentration in the 
solution. Moreover, since the sulfate concentration of the solution decreased more than 
the ferric iron concentration, the results suggest that the precipitate is jarosite because it 
has a lower Fe/SO4

2- ratio than schwertmannite. This is in accordance with the 
discovery of jarosite from the leach residue after bio-oxidation (Ciftci & Akcil 2010). 

For production of a leach residue from the Kittilä concentrate, the pH was set at 1.8. 
This is within the range (pH 1.0–2.0) suggested from previous studies of the bio-
oxidation of pyrite and arsenopyrite that aimed to avoid the formation of precipitates 
that would dilute the bio-oxidized concentrate mass (Daoud & Karamanev 2006; Groza 
et al. 2008). Jiang et al. (2008) achieved maximum oxidation (80 %; Table 8.1.) for 
arsenopyrite at pH 1.8., whereas at pH 1.5 and 3.0 oxidation was much lower. At pH 
1.5, the bacterial activity declined and at pH 3.0 the formation of jarosite capsulated the 
mineral surface (Jiang et al. 2008). Monitoring of the dissolution of the sulfide matrix 
via iron and arsenic concentrations was also more straightforward at this pH. At a 
higher pH, quantification of iron and arsenic liberated from the sulfide matrix would be 
more difficult to monitor due to their concominant precipitation.  

Since arsenopyrite (FeAsS, Fe/As ratio 1) is more amenable to bio-oxidation than 
pyrite (FeS2) (Ciftci & Akcil 2010; Climo et al. 2000; Fomchenko et al. 2010; Henao & 
Godoy 2010; McMullen & Thomas 2002; Ubaldini et al. 1997), the sufficient Fe/As 
molar ratio (>4) to produce stable precipitates may be more challenging to achieve. 
Pyrite can also promote the oxidation of As(III) to As(V) resulting in more stable 
precipitates at the neutralization phase (Duquesne et al. 2003; Nyashanu et al. 1999). 
Therefore it might be beneficial to pursue a specific pyrite and arsenopyrite ratio that 
would enable an optimal Fe/As ratio higher than 4. In Kittilä concentrate (EKC B) the 
Fe/As molar ratio is approximately 4.6. However, in order to achieve this in bio-
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oxidation, also the pyrite must be completely oxidized. It is important to acknowledge 
that although more gold is usually associated with arsenopyrite (70 % in EKC B) than 
with pyrite (30 % in EKC B), the arsenopyrite and pyrite proportions influence the 
formation of stable precipitates which is also essential in order to make the process 
sustainable. The proportion of iron in nickel flotation concentrate (NFC) and 
gersdorffite flotation concentrate (GFC) was 35 % and 25 %, respectively. However, 
when bioleaching these concentrates at pH range of 2.5–3.0 the dissolved iron 
concentration in NFC flasks was much higher than those of GFC. The proportion of 
arsenic in NFC and GFC was 1.3 % and 15.4 %, respectively. When bioleaching these 
concentrates, the concentration of arsenic in GFC flasks was much higher than in NFC 
flasks. In order to selectively bioleach these concentrates, it would be a necessity that 
the iron and arsenic molar ratio would be around 4:1. For a preliminary testing to 
examine what is the optimal iron and arsenic content in the concentrate it might be 
useful to bioleach a mixture of different proportions of NFC and GFC. In a commercial 
process, the composition of the concentrate could be processed with flotation methods 
so that it is optimal for bioleaching as discussed by Wakeman et al. (2011). 

During the bioleaching of NFC, the dissolution of arsenic in chemical controls did 
not significantly differ from the bioleaching flasks with starting pH’s of 3.0 and 2.5. 
This is contrary to the dissolution of nickel and cobalt whose concentrations were 
notably greater in the bioleaching flasks than in chemical controls. However, the effect 
of lower pH (starting pH 1.8) was observed in bioleaching flasks with 33 % of arsenic 
yield (Table 7.9). This may indicate that lower pH restrained the co-precipitation of 
arsenic with iron. 

The formation of precipitates when using pH 3.0 can enable selective bioleaching of 
valuables and precipitation of iron and arsenic. However, this can also cause the 
passivation of the mineral surface and lead to a decrease of ferric iron concentration 
which is essential for the indirect bioleaching to occur. In a bioleaching study by 
Halinen et al. (2009), the highest metal yields were obtained with the lowest pH (pH 
1.5). In addition, it was noticed that the decrease in ferric iron concentration decreased 
the leaching of metals. (Halinen et al. 2009) However, according to Cameron et al. 
(2009), the bioleaching of certain nickel sulfide ore (nickel associated mainly with 
pentlandite) at higher pH (up to pH 5) resulted in higher nickel recovery. In a later study 
by Cameron et al. (2011) with different nickel concentrates, the pH 5 resulted in low 
nickel yields whereas the yields were very much higher with pH 2 and 3. However, the 
yields did not differ greatly between pH 2 and 3: in other words the nickel yields were 
less dependent on pH than for example iron yields. Therefore Cameron et al. (2011) 
suggested that it would be economical to bioleach at pH 3.0 instead of pH 2.0, due to 
the decrease in acid consumption, waste disposal costs and iron management from the 
solution. Indeed, the bioleaching studies on concentrates in which nickel is associated 
with pentlandite have reported low dependency on acidity and ferric iron concentration. 
(Cameron et al. 2011) 
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8.3. The effect of pulp density on bio-oxidation 

The pulp density experiment of bio-oxidation of Kittilä concentrate showed that 10 % 
pulp density restrained the bio-oxidation in shake flasks. The increase in pulp density 
tends to decrease the bioleaching and bio-oxidation activity resulting in lower metal 
yields (Ciftci & Akcil 2010; Makita et al. 2004; Rawlings et al. 2003; Tipre & Dave 
2004; Ubaldini et al. 1997; Zhang et al. 2008). This is probably mainly because of the 
physical stress (Brierley & Briggs 2002; Ciftci & Akcil 2010; Makita et al. 2004; Zhang 
et al. 2008) caused for the cells by the particles and the walls of flasks or that high pulp 
density restrains oxygen and carbon dioxide transfer (Ciftci & Akcil 2010; Jones et al. 
2009; Makita et al. 2004; Nemati et al. 2000; Rawlings et al. 2003; Tipre & Dave 2004; 
Zhang et al. 2008). Usually, the agitation is more efficient but also gentler for the cells 
in batch reactors than in shake flasks. In CSTR experiments the redox potential of 600 
mV was achieved faster than with shake flasks experiment using 5 % pulp density. This 
is probably due to the better and gentler mixing which enables a better mass transfer. 

8.4. Microorganisms in bioleaching and bio-oxidation 

The relative proportions of soluble arsenic and iron will alter during the course of a bio-
oxidation experiment. Initially, the concentration of ferric-iron and arsenite is low and 
the chemical leaching of arsenopyrite is dominant. At low ferric-iron concentrations and 
high arsenite concentrations, the abundance of arsenite in solution causes the oxidation 
of arsenite to dominate. The growth of iron-oxidizing bacteria generates more ferric iron 
that may oxidize both arsenopyrite and dissolved arsenite. As a result, low arsenite and 
high arsenate concentrations are observed during continuous bio-oxidation operations. 
(Breed et al. 2000) However, for example Acidithiobacillus ferrooxidans or the ferric 
iron which it catalyzes are not able to oxidize As(III) to As(V) but also pyrite is needed 
for the reactions (Duquesne et al. 2003; Nyashanu et al. 1999). Pyrite was found to 
promote the oxidation of As(III) to As(V) during bacterial oxidation (Nyashanu et al. 
1999). On the other hand, Thiomonas sp. is able to oxidize As(III) to As(V) and enhance 
the removal of As(V) by co-precipitation with ferric iron (Casiot et al. 2003; Duquesne 
et al. 2007). In this work, the final arsenic concentration using laboratory culture 2 were 
lower than when using laboratory culture 1 (equal final pH). Thiomonas 
cuprina/arsenivorans is an As(III)-oxidizer and known to enhance the precipitation of 
arsenate and ferric iron (Casiot et al. 2003; Duquesne et al. 2007). The lower arsenic 
concentration when using laboratory culture 2 might be partly due to this increasing 
precipitation enhanced by Thiomonas cuprina/arsenivorans activity.  

Compared to existing laboratory cultures, bio-oxidation of Kittilä concentrate was 
most efficient using a mixed bacterial culture enriched from the mining site. This 
finding is in accordance with previous studies. The exploitation of indigenous cultures 
followed by an enrichment phase is favored over the use of pure cultures due to 
improved bioleaching efficiency (McMullen & Thomas 2002; Olson et al. 2003) and 
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mixed consortia of bacteria were found to be more effective than single bacterial strains 
(Corkhill & Vaughan 2009; Groza et al. 2008; McMullen & Thomas 2002; Rawlings 
2008; Zhang et al. 2007). Enrichment and adaptation phase also enhances the culture 
tolerance to arsenic (Olson et al. 2003) and the lag phase prior to the exponential growth 
can be reduced (Shahverdi et al. 2001). Bryan et al. (2011) reported that the most 
efficient bioleaching yields were achieved when using an indigenous culture. However, 
the results of using laboratory cultures improved during the experiment which was 
suggested to be due to the adaptation of the culture to the mineral. Bryan et al. (2011) 
emphasized the superiority of the indigenous bacterial cultures but also acknowledged 
that this superiority can be mainly due to the adaptation which can be achieved using 
mixed laboratory culture and a long adaptation phase. (Bryan et al. 2011)  

This is in accordance with the results of this study during bio-oxidation using 
laboratory cultures. The long enrichment and adaptation phase (up to 100 days) finally 
improved the bio-oxidation activity of the cultures which was seen as an increase in iron 
and arsenic concentrations. All cultures used in this work contained several different 
bacteria. Because all cultures used were versatile, the reason for better results when 
using Kittilä enrichment culture is probably not merely due to a diverse microbial 
population but due to the better adaptation to the concentrate as the culture was 
originated from the mine site. 

The bacteria involved in Kittilä enrichment culture were typical iron- and sulfur-
oxidizers such as Acidithiobacillus ferrooxidans, Acidithiobacillus ferrivorans and 
Alicyclobacillus sp.. Acidithiobacillus ferrooxidans has been reported to oxidize for 
example arsenopyrite, pyrite and pyrrhotite. (Rawlings et al. 1999) Acidithiobacillus 
ferrooxidans and Acidithiobacillus ferrivorans are commonly associated with 
bioleaching and bio-oxidation whereas Alicyclobacillus sp. not that often. However, 
Alicyclobacillus sp. has been discovered from gold mines (Yahya et al. 2008) and in the 
bio-oxidation of refractory gold concentrates (Hao et al. 2010) containing pyrite (Okibe 
& Johnson 2004). Alicyclobacillus tolerans and Alicyclobacillus disulfidooxidans are 
able to oxidize iron and sulfur (Joe et al. 2007; Yahya et al. 2008). 

In the experiments of this study, the arsenic concentration remained relatively low 
(<1.1 g/l) and there was no clear indication of bacterial inhibition due to dissolved 
arsenic. This is in accordance with previous work that reported cessation of growth for 
At. ferrooxidans and At. thiooxidans in an arsenopyrite/pyrite concentrate at a 
concentration of 10 g/l of As(III) (arsenite). The bacteria were capable of withstanding 
up to 40 g/l of As(V) (arsenate). At. caldus has been shown to grow erratically on 
arsenopyrite and reduced viability due to the toxicity of arsenite and arsenate has been 
reported. (Corkhill & Vaughan 2009) Arsenite is known to inhibit a wide range of 
microorganisms, including Acidithiobacillus ferrooxidans and Acidithiobacillus 
thiooxidans to a greater degree than arsenate. Elevated arsenite concentrations result in 
an extended lag phase after which normal growth occurs and elevated arsenate levels 
cause a reduction in the maximum growth capacity. (Breed et al. 2000) 
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9. CONCLUSIONS 

- The Kittilä concentrate is amenable to bio-oxidation 
 

- The waste pile at the Kittilä mine site harbors acidophilic iron- and sulfur-
oxidizing micro-organisms 
 

- Microorganisms enriched from the mine site were more efficient in bio-
oxidation of the Kittilä concentrate than laboratory cultures 
 

- At lower pH (1.8 vs 3.0) 
o the bio-oxidative dissolution of iron, arsenic and sulfate from the Kittilä 

concentrate is greater 
o metal yields from the nickel flotation concentrate (NFC) are higher 

 
- Increasing the pulp density decreases bio-oxidation of the Kittilä concentrate 

 
- A leach residue for gold extraction via cyanidation was produced by bio-

oxidative pre-treatment of the Kittilä concentrate in stirred tank reactors 
 

- Gold extraction from the leach residue was low, possibly due to incomplete 
dissolution of the sulfidic matrix 
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APPENDIX 1: CHEMICALS  

 

Chemical  Manufacturer 

Arsenic Standard for AAS  Sigma‐Aldrich, Germany  

C2H4O2  J.T. Baker, Holland 

C4H11NO3    Sigma‐Aldrich, Germany 

C12H8N2⋅H2O   Merck, Germany 

Ca(NO3)2⋅4H2O  Merck, Germany 

Cobalt Standard for AAS  Sigma‐Aldrich, Germany  

CoCl2⋅6H2O   Merck, Germany 

CuSO4⋅5H2O  Merck, Germany 

FeCl3⋅6H2O   Sigma‐Aldrich, Germany  

FeSO4⋅7H2O   Merck, Germany  

H2SO4 (strong)   J.T. Baker, Holland  

H3BO3    Merck, Germany  

HCl (strong)   Merck, Germany  

HNO3 (strong)   J.T. Baker, Holland  

Iron Standard for AAS  Sigma‐Aldrich, Germany  

K2HPO4    J.T. Baker, Holland  

KCl   Merck, Germany  

MgSO4⋅7H2O   Merck, Germany  

MnSO4⋅4H2O   Merck, Germany  

Na2CO3    J.T. Baker, Holland  

NaHCO 3    Merck, Germany  

NaOH   J.T. Baker, Holland  

Na2MoO4⋅2H2O   J.T. Baker, Holland  

Na2SeO4    Sigma‐Aldrich, Germany  

Na2SO4⋅10H2O   Merck, Germany  

NH4C2H3O2    J.T.Baker, Holland  

(NH4)2SO4    Merck, Germany  

Nickel Standard for AAS  Sigma‐Aldrich, Germany  

S0  VWR, Belgium  

ZnSO4⋅7H2O   Merck, Germany  



  

 

Sample 1  Sample 2 

Enrich.     EKC  EKC+Fe2++S0  Fe2++S0  EKC  EKC+Fe2++S0  Fe2++S0 

1st  pH  3.1     0.1 2.8  0.1 2.2  0.1  2.2  0.1  2.1  0.1 2.1  0.1 

redox (mV)  314     7  327  8  555  7  615  4  631  1  625  1 

   Fe2+ (mg/l)  126     4  517  25  1000  14  64  4  12  1  12  2 

2nd  pH                             2.3  0.1  2.3  0.1 2.4  0.1 

redox (mV)                             621  2  632  4  625  1 

   Fe2+ (mg/l)                             6  1  15  0  29  2 

3rd  pH                             2.2  0.1  2.1  0.1 2.2  0.1 

redox (mV)                             614  2  625  4  615  4 

Fe2+ (mg/l)                             5  0  20  0  45  3 

Fetot (mg/l)                             649  12                   

   As (mg/l)                             365  8                   

        

Sample 3  Sample 4 

Enrich.     EKC  EKC+Fe2++S0  Fe2++S0  EKC  EKC+Fe2++S0  Fe2++S0 

1st  pH  2.4     0.1 2.3  0.1 2.1  0.1  2.1  0.1  1.9  0.0 2.1  0.1 

redox (mV)  622     3  629  1  635  2  640  1  638  4  633  4 

   Fe2+ (mg/l)  6     0  10  0  13  1  5  1  11  6  12  2 

2nd  pH  2.1     0.1 2.3  0.1 2.4  0.1  2.3  0.1  2.3  0.1 2.3  0.1 

redox (mV)  627     4  618  1  624  1  627  5  623  2  628  1 

   Fe2+ (mg/l)  5     0  12  3  28  5  6  3  14  2  26  5 

3rd  pH  2.2     0.1 2.1  0.1 2.1  0.1  2.1  0.0  2.1  0.1 2.1  0.1 

redox (mV)  627     3  613  4  618  2  629  4  623  4  617  1 

Fe2+ (mg/l)  8     2  22  4  35  6  4  1  23  2  35  3 

Fetot (mg/l)  715     18                    767  6                   

   As (mg/l)  393     4                    385  5                   
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Culture Sample  Band  Culture organism 
% 
identity 

Accession 
number 

G
FC

 

Lab. 2  4  21, 22  Uncultured Acidithiobacillus sp. clone K6‐C19  100  EF612419 

         Thiobacillus sp. DSM 612  98  AJ459802 

      24  Clone OY05‐C060  100  AB552082 

         Acidithiobacillus caldus strain N39‐30‐02  97  EU499920 

      26  Alicyclobacillaceae bacterium Fe‐So‐D4‐20‐CH  99  FN870328 

Lab. 2  6  27  Acidithiobacillus sp. nju‐T1  99  FJ915156 

         Acidithiobacillus caldus strain SMK  96  GQ478989 

      28  Acidithiobacillus sp. clone K6‐C19  100  EF612419 

         Acidithiobacillus sp. nju‐T1  99  FJ915156 

      30  Acidithiobacillus ferrooxidans strain ZT01  99  HQ829179 

      31  Clone OY05‐C060  100  AB552082 

         Acidithiobacillus sp. nju‐T1  99  FJ915156 

      35  Firmicutes bacterium clone K6‐C31  97  EF612377 

         Alicyclobacillaceae bacterium Fe‐So‐D4‐20‐CH   96  FN870328 
Note: The 16S rRNA is highly conserved across bacteria and therefore values >95 % sequence identity represents related organism. 
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   Culture Sample  Band  Culture organism  % identity 
Accession 
number 

EK
C
 

Lab. 1  7  29, 32  Acidithiobacillus thiooxidans strain IESL8  99  HQ902066 

         Acidithiobacillus albertensis strain BY‐0506  99  GQ254658 

         Acidithiobacillus ferrooxidans strain GD1‐3  99  FJ194542 

      33  Clone OYO4C1‐058  100  AB552191 

         Acidiphillum sp. DBS4‐1  99  EU003879 

      34  Alicyclobacillus sp. BGR 73  100  GU167996 

      36  Alicyclobacillus sp. BGR 73  99  GU167996 

      37  Sulfobacillus sp. Y0017  100  AY140239 

Lab. 2  8  51  Acidithiobacillus ferrooxidans  100  FN686788 

         Acidithiobacillus ferrivorans strain OP14  100  EU839491 

      52  Thiomonas cuprina NBRC 102145 (=DSM 5495)  99  AB331954.1 

         Thiomonas arsenivorans strain b6  99  AY950676 

KE  9  39, 40, 42, 43, 49, 50  Acidithiobacillus ferrooxidans  100  FN686788 

         Acidithiobacillus ferrivorans strain OP14  100  EU839491 

      48  Alicyclobacillus sp. BGR 73  100  GU167996 

KE  10  38, 41, 44, 45, 46  Acidithiobacillus ferrooxidans  100  FN686788 

         Acidithiobacillus ferrivorans strain OP14  100  EU839491 

      47  Uncultured Firmicutes bacterium clone K6‐C31   99  EF612377 

         Alicyclobacillaceae Fe‐So‐D4‐20‐CH   98  FN870328 
Note: The 16S rRNA is highly conserved across bacteria and therefore values >95 % sequence identity represents related organism. 
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