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ABSTRACT

The bioleaching of metal sulphide ore has develdpes an important industrial process to recover
valuable base metals from low-grade ores, becaigie grade ore resources are depleting. The
Talvivaara deposits in Finland have been knowndecades, but have not been utilized until now,
because of the low nickel concentration. The airthisf work was to study the bioleaching procesa of
Finnish complex multimetal black schist ore in @reonditions. The effects of pH and leaching
temperature on the dissolution of valuable metats gangue minerals were studied. The effect of low
temperature on iron oxidation and mineral bioleaghwas investigated. Microbial community
development at different pH values and temperatuvas tested in laboratory-scale bioleaching
columns and finally the community dynamics weredi&d in a demonstration-scale bioheap over a
period of three years in Talvivaara Finland.

The experiments were carried out using laboratoales columns containing about 9 kg of
agglomerated ore. The columns were loaded withotiee irrigated with pregnant leaching solution
(PLS) by recycling and aerated from the bottom. f#sted pH range was from 1.5 to 3.0 at 21 °C and
temperature range was from 7 to 50 °C at pH 2.6.tticle size @) of the ore was 7.6 mm. Surface
water taken from lake near the Sotkamo deposgh#li affected by acid mine drainage) supplemented
with nutrients was used for irrigation. Aerationsygrovided through a diffuser inserted at the lmdse
the column. The iron- and sulphur-oxidizing baetkdulture used in inoculation of the columns, was
enriched from surface water samples (pH 4.5-6.8iobd from the ore deposit. The pH of irrigation
solution was maintained with continuous titratiomhaH,SQO,. The ore was acid consuming in all tested
conditions. The actual pH of the irrigation solagoafter 140 days were 0.1-0.5 units over the targe
values in all columns. Leaching at low pH resuitechcreased acid consumption of 160 and 38®

g kg* ore at pH 1.5 and 2.0 after 140 days. TemperatirepH 2.5, had also effect on acid
consumption. At 50 °C acid consumption was highestlowest at 21 °C, being 29 and #5849 kg’

ore, respectively.

The pH of the irrigation solution clearly affected the dissolution of nickel and zinc. Nickel
solubilization rate was 3.3 times higher at pH th&n at pH 3.0, being 0.42 and 0.13 % (Nf) d
respectively. At pH 1.5 valuable metals yields w8®e% for Ni, 52 % for Zn, 13 % for Cu and 16 %
for Co, whereas at pH 3.0 yields were 15 % for10i,% for Zn, 0.5 % for Cu and 6 % for Co after 140
days of bioleaching. No significant bioleaching paped after that at pH 1.5, 2.5 or 3.0. At pH B® t
maximum yields were achieved after 230 days ofdaiohing. Nickel and zinc leaching rates and yields
decreased nearly linearly as pH increased. Copigenat bioleach at high pH (2.5-3.0). After the
beginning, no further cobolt dissolution happenepta3.0. Decrease in leaching rates may be dae to
lack of dissolved ferric iron, serving as a leaghagent, or metal dissolution barriers created by
precipitates on the ore surfaces. The ferric ironcentration in PLS increased all the time at pb 1.
being 36 gtafter 140 days. At pH 2.0 the ferric iron concetidras varied, being highest 3.8 bdfter

97 daysl. At 2.5 and 3.0 no ferric iron was presem®LS and iron concentration remained low, being
15mgl-.

After 60 days of bioleaching the leach liquor at pi3 became jelly-like due to solubilization of Si
from the ore, which contained 42 % (W' wof SiQy. Quartz, phlogopite, and feldspars (anorthite and
microcline) were the main Si-containing phaseseAft10 days the Si concentration reached 2.98 g L
at pH 1.5. Soluble Si increases the solution visg@nd thus hinders leach liquor percolation tioug
the heap, lowers the oxygen transfer rate, and bomt@s subsequent metal extraction. Although,
dissolved Si did not affect the solubilization @flwable metals, the pH value of the PLS must bé kep
at over 1.5 to slow down Si-containing mineral digson. At pH 2.5 less than 200 mg'[Si was
solubilized and different temperatures had no éfecSi dissolution at that pH.



Based on an optimisation between the maximum vé#duafetal yields, leaching rates, the acid
consumption, and the low dissolution of cations £8j Ca, Mg and Mn), the leaching solution pH of
2.0 was recommended for a bioheap application. At200, the maximum leaching yields were
achieved after 230 days, being 54 % for Ni, 37 %o, 13 % for Cu and 12 % for Co.

Temperature strongly affected the valuable metlbgiat pH 2.5. Leaching at low temperature (7 °C)
resulted in yields of 24 % for Ni, 17 % for Zn, 2 ftr Cu and 6 % for Co after 496 days. The Cu
leaching increased all the time during the expenina 7 °C, while at other temperatures it slowed
down after 100 days. The highest yields were obthiat 21 °C (26 % for Ni, 18 % for Zn, 0.5 % for
Cu and 6 % for Co) after 153 days. After re-inotiola (day 65) with a thermophiliSulfolobus
culture, leaching at 50 °C accelerated but slowasindsoon and resulted in 18 % for Ni, 11 for Zn,
0.3% for Cu and 2% for Co (after 140 days). In¢bumn leaching study, after the maximum yields,
longer leaching time did not result more metalsahutions.

The redox increased during the first two months &€ and reflected the start of ferrous iron oxatat
and microbial activity. The concentration of feriion was around 400 mgLafter two months. After
that ferric iron was present all the time at 7 @ ¢his demonstrated that more ferric iron waslakbée

for the oxidation of the mineral sulphide than #tev temperatures. The leach liquor redox potential
stabilized to 500-600 mV (AR$AgCI reference) at 7 °C after 40 days and at 2figit after beginning,
whereas at 35 °C and at 50 °C it varied betweer5800mV. At 50 °C, all dissolved iron was in
ferrous form inspite the variation of redox. Af&d days F& and Fe, were both 350 mgtindicating

that iron oxidation and precipitation occurredteg same time. Brown precipitates accumulated to the
surfaces of the agglomerated ore in columns frorAC7to 50 °C. Additionally, bright yellow
precipitates were formed indicating elemental sutpir Na-jarosite accumulation at 7 °C and 21 °C.

After 50 days of bioleaching, at 7 °C leach liquotal cell counts (1910° cells mL?Y) were
significantly higher than at other temperatures®{Il@ cells mL*). Cell counts remained that high
troughout the column study. At the end of the eixpent, total cell counts in the leach residues were
studied. At 7, 21, 35 and 50 °C cell counts of ldeech residues were 3.4%1@.3-16, 1.1-16 and
8.7-16 cells ore g, respectively. The pH did not affect at 21 °C ninenbers of microorganisms in the
PLS and cell counts remained at®0f cell mL* throughout the study and the leach residues
contained about f@&ells g oré.

The microbial community composition and dynamicssvig investigated by DNA extraction PCR-
DGGE-sequencing approach. The microbial communigrewnot affected by pH. In contrast,
temperature affected the microbial populationseAthe first monthsAcidithiobacillus ferrooxidans
AP 310 (96-99% sequence similarity, accession DQ8p%Was the only species detected at 7 °C and
was also present at other temperatures. After #ta df this study was published (2007), two new
Acidithiobacillus species were described, ferrivoransandA. ferridurans Genetically these species
are very near each other. The 16S rRNA gene segseasfcthe bands that corresponded 99%A.of
ferrooxidansAP310 0Q35518)were identified again in 2015 using the basic l@a@nment search
tool (BLAST). The 16S rRNA gene sequenceshofferrooxidansat temperatures of 7 and 21 °C
corresponded 99% a5. ferrivoransSS3 (CP002985). One of the 16S rRNA gene sequences of
ferroxidansstrains at 35 °C corresponded 99%AaserriduransATCC 3302 (NR_117036). At 50 °C,
no properA. ferroxidansl6S rRNA gene sequences were gained with the me¢ladods. The presence
of A. ferroxidansat 50 °C was concluded based on the fact thaD@@E band was in the same place
as the otheA. ferrooxidansbands. The 16S rRNA gene sequencefadlithiobacillus ferrooxidans
strains in pH between 1.5 and 3.0, at 21 °C, cporded also 99% &s. ferrivoransSS3 (CP002985).

In the light of increased knowledge, these spec@mot be separated with the denaturing gradient
from 40 to 70% that were used in the DGQE.ferrooxidans A. ferrivoransandA. ferriduransare
able to oxidize both iron and sulphur compounds.



Leptospirillum ferrooxidandSM 2705 (98-100%, X8677end Sulfobacillus thermotolerankR-1
(99%, DQ124681) were mainly detected at 21 °C @&n8C3 Sb. thermotoleranwas present &0 °C.

L. ferriphilum D1 (99 %, DQ665909) appeared after 300 days déaahing and was present in every
leach residue, except @°C and pH 3.0L. ferrooxidansandL. ferriphilum are able to oxidize only
iron. Sb. thermotoleranis able to oxidize both iron and sulphur compounds.

Archaeal species were analyzed two times from Idapiors and three species were detected. A
species related to an uncultured archaeon cloneban©99%, DQ303249), nearest known species
Thermoplasma acidiphilud®SM1728 (91%, AL445067) was present in all of iwch liquors except
at pH 1.5. Archaea related 8ulfolobus metallicuPSM 6482 (98%, SM16SRRN1) were present at
pH values 2.5 and 3.0 and in all other temperafuersept at 7 °CSulfolobus metallicuss able to
oxidize both iron and sulphur compouné&grroplasma acidiphilunDR1 (98%, AY222042) that can
oxidize only iron, was present at pH 2.5 and 2n@, iaa all temperatures, expect at 35 °C.

The mixed iron- and sulphur-oxidizing culture irethecirculation solution at 7 °C was used in the
experiments where Feoxidation rate and optimum temperature were dedtexchover a temperature
range of 2-40 °C. Two temperature optima of 22.4AG 32.4 °C were observed. This indicated the
presence of both psychrotolerant and/ or mesophilaroorganisms in the culture. This supports the
suggestion thah. ferrooxidanswvas actuallyA. ferrivorans or both species were present. The specific
oxidation rates for the culture were similar, witB.510® and 12.810% mg Fé* cell* h* for 22.4 °C
and 32.4 °C, respectively.

The two demonstration-scale bioheaps (17 000 thatTalvivaara mine site were operated and
monitored by Talvivaara Mining Company for 30 maatlAfter the start-up of heap irrigation,
oxidation of pyrrhotite and pyrite increased thamémperature in central locations up to 90 °Ghén
second winter temperatures inside the heaps dectdasing still 80 °C at the hottest spots. Leach
liquor temperatures varied between 60 °C and 16V&C the whole operation period. The target pH of
the PLS was 2.0. Inspite of continuous titration yadied during the 10 months between 3.5 and 3.0
and after that between 3.0 and 2.5.

The bacterial community composition on the heaps manitored over time from manholes and the
leach liquor collection ponds. At the end of ther@ary bioleach phase (18 months) cell counts were
around 18 cells mL™. Large temperature gradients resulted in the $amabus presence of mesophilic
and thermophilic iron- and sulphur-oxidisers in tmeap. In the beginning diversity was broad, but
decreased with timeA. ferrooxidansferrivorans SS3 (99%, CP00298%)as the dominant bacterium
and an unknown bacterium related to clone H70 (9D%328625) was present. After six months of
bioheap operatioh. ferrooxidansDSM 2705 (98%, X86776) was observed for the firae and it was
present thereafter in nearly all samples. Archaewanalysed during the primary leaching phase from
leach liguors. Two novel archaea and one archdatedeto Thermoplasma acidophilurstrain 122-
1B2 (91-93%, NR_028235) were detected.

Several ore samples were drilled from the primaphéaps after one year of bioheap operatfn.
ferrooxidans/ A. ferrivoransSS3 (99%, CP002985) was present in nearly all sssnpglhe novel
bacterium related to clone H70 (91%, DQ328625) Andaldusrelated bacteria (95%, AY427958)
was detected from the areas of wide temperaturatiar. Sb. thermosulfidooxidanstrain YN22
(99%, DQ650351) was found from the high temperataomes of the heapFerrimicrobium
acidiphilumT23 (99%, AF251436) was present in the areas wieenperature varied between 20 and
35 °C. After 18 months of demonstration-scale hegagration, the heaps were reclaimed and restacked
to the secondary bioheap. At the secondary leachimagse the community remained steady.
ferrooxidans/ ferrivoran§S3 (99%, CP00298%lominated and the novel bacterium related to aeclon



H70 (91%, DQ328625) anld ferrooxidansDSM 2705 (98-100%, X86776) were present in theHea
liquors of secondary phase bioheaps.



TIVISTELMA

Bioliuotusta kaytetddn yha yleisemmin metallien tiamiseen koyhista sulfidimalmeista, koska
korkealaatuiset malmiesiintyméat ovat ehtymassasd égossa tutkittin kompleksisen monimetallisen
mustaliuskemalmin  soveltuvuutta  bioliuotukseen  pddigsa  olosuhteissa.  Talvivaaran
malmiesiintyméat ovat olleet tiedossa jo vuosikymiermutta niitd ei ole hyddynnetty aiemmin
alhaisen nikkelipitoisuuden vuoksi. Laboratorioakiaavan kolonneissa tutkittiin kasteluliuoksen pH:n
ja liuotuslampdtilan vaikutusta arvometallien javudiiven liukenemiseen sekd mikrobiyhteison
kehitykseen. Lisaksi tarkasteltin raudan vaikudusearvometallien liukenemiseen. Lopuksi
mikrobiyhteison dynamiikkaa seurattiin kolmen vuondgan pilot-mittakaavan bioliuotuskasalla, joka
sijaitsi Talvivaarassa.

Kokeissa kaytetyissa kolonneissa oli n. 9 kg malfaiaka raekoko oli 7.6 mm. Kolonneja ilmastettiin
pohjasta ja kasteltiin paaltd kierratysliuoksekaerratysliuos oli Sotkamosta toimitettua jarvivétt
joka oli lievasti hapanta. Veteen liséttiin pieni@aria ravinteita. Kolonnikokeen testattavat pHuad
1,5; 2,0; 2,5 ja 3,0 (21 asteessa) sekad lampatjlat, 35 ja 50 °C (pH:ssa 2,5). Kolonnit ympattiin
rautaa ja rikkia hapettavalla mikrobiviljelmallakp oli rikastettu malmiesiintyméan pintavesista (pH
4,5-6,9). Kierratysliuoksen pH:ta sééadettiin jatksir titraamalla liuosta rikkihapolla. Malmi kulutt
happoa kaikissa testatuissa olosuhteissa. Kasieksen pH oli 140 paivan jalkeen 0,1-0,5 yksikkda
korkeampi kuin tavoite pH kaikissa kolonneisssapdteulutus oli suurinta pH:ssa 1,5. Haponkulutus
oli 140 paivan jalkeen 160,80, g/kgmalmia. Vastaava haponkulutuksen méaéra pH:ssal23Bo
H,SO, g/kg malmia. Lampdtilalla oli myds vaikutusta hagalutukseen pH:ssa 2,5. 50 asteessa
haponkulutus oli suurinta (29,HO, g/lkgmalmia) ja pienenta 21 asteessa (86, g/kgmalmia).

Kierratysliuoksen pH vaikutti merkittavasti nikkelja sinkin liukenemiseen. Nikkelin liukeneminen ol
3,3 kertaa nopeampaa pH:ssa 1,5 kuin 3,0:ssa. méwksnopeus pH:ssa 1,5 oli 0,42 % (Ni) /d ja
pH:ssa 3,0 liukenemisnopeus oli 0,13 % (Ni) /d. pa®van bioliuotuksen jalkeen nikkelisaanto pH:ssa
1,5 oli 59 prosenttia. Muista arvometalleista mlehnut 52 % sinkkia, 13 % kuparia ja 16 % kobaltti
Kasteluliuoksen pH:n ollessa kolme, vastaavat apligat 15 % nikkelia, 10 % sinkkia, 0,5 % kuparia
ja 6 % kobolttia. Merkittavaa arvometallien liukemsta ei tapahtunut enaa 140 paivan jalkeen pH:ssa
1,5; 2,5 tai 3,0. Suurimmat metallisaannot pH:sgh shavutettiin 230 paivan jalkeen. Nikkelin ja
sinkin liukenemisnopeus vaheni lahes lineaarig@dtn noustessa. Kupari ei liuennut korkeimmissa
pH-arvoissa (2,5-3,0). Alun jalkeen koboltti eidiinut pH:ssa 3,0. Liukenemisnopeuksien laskuun voi
olla syyna liuenneen ferriraudan puute kierratydtsessa tai saostumien muodostuminen malmin
pinnalle. Ferriraudan maarad pH 1,5 kierratysliuskselisdantyi koko ajan, ollen 36 g/l 140 paivan
jalkeen. Ferriraudan konsentraatio vaihteli pH2$x ollen korkeimmillaan 3,8 g/l 97 paivan jalkeen
Ferrirautaa ei ollut kierratysliuoksissa, joidemdite pH oli 2,5-3,0. Kokonaisraudan maara olidil
myds alhainen (15 mg/l).

60 paivan bioliuotuksen jalkeen kasteluliuos pH:4sa muuttui hyytelomaiseksi johtuen piin (Si)
liukenemisesta sivukivestd. Malmi sisélsi 42 % (Jv/silikaattia (SiQ). Kvartsi, flogopiitti ja
maasalvat (anortiitti ja mikrokliini) sisalsivat §d@san piistd. Liuenneen piin konsentraatio oli 110
paivan jalkeen 2,96 g/l pH:ssa 1,5. Liuennut pii @ikuttanut arvometallien liukenemiseen.
Kierratysliuoksen viskositeetti kuitenkin lisdantybe hidastaa virtausta kasan lapi, alentaa hapen
kulkeutumista ja vaikeuttaa metallien talteenottGaitkimus osoitti, ettd pH tulee pitéaa yli 1,5
silikaattimineraalien liukenemisen hidastamiseRsita liukeni pH:ssa 2,5 vahemman kuin 200 mg/l ja
lampdtilalla ei ollut vaikutusta silikaattien liukemiseen tassa pH:ssa.

Perustuen arvometallien liukenemisnopeuteen, magaantoihin, hapon kulutukseen ja kationien (Si,
Al, Ca, Mg ja Mn) liukenemiseen, pH:ta 2,0 suositelkaytettavaksi kompleksisen sulfidimalmin
biokasaliuotuksessa. Arvometallien saannot 2304véabioliuotuksen jalkeen pH:ssa 2,0 olivat 54 %
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nikkelia, 37 % sinkkia, 13 % kuparia ja 12 % kobalt

Lampdtila vaikutti merkittavasti arvokkaiden meiatl liukenemiseen. Metalleista liukeni seitseméssa
asteessa 24 % nikkelig, 17 % sinkki&, 2 % kuparé $o kobolttia 496 paivassa. Kuparin liukeneminen
jatkui koko kokeen ajan 7 °C:ssa, kun muissa laigiéga kupari ei liuennut 100 paivan jalkeen.
Eniten arvokkaita metalleja liukeni 21 °C:ssa (26nkkeli&, 18 % sinkkid, 0,5 % kuparia ja 6 %
kobolttia, 153 péaivan jalkeen). Kolonni, joka ol 3C:ssa, ympaéttiin uudelleen 65 paivan jalkeen
termofiilisella Sulfolobusviljelmalla. Bioliuotus nopeutui hetkellisesti jaannot olivat parhaimmillaan
140 paivan jalkeen (18 % Ni, 11 % Zn, 0,3 % Cu ja%® Co). Maksimisaantojen jalkeen,
kolonnikokeen jatkuessa metallien konsentraatiokisissa ei kasvanut.

Raudan hapettuminen ja mikrobitoiminta alkoi 7 %@:&ahden kuukauden viiveen jalkeen, jolloin
redox-potentiaali lahti nousemaan. Ferriraudanites oli tAméan jalkeen kierratysliuoksessa noit 40
mg/l. Ferriraudan, jota tarvitaan sulfidisidokseatkaisemiseen, pitoisuus oli muissa lampétiloissa
vahaisempi. Kierratysliuoksen redox-potentiaalbstdtui 7 °C:ssa 40 paivan jalkeen ja 21 °C:sda he
alun jalkeen 500-600 millivolttin (AYAgCI referenssielektrodi). 35 ja 50 °C:ssa redoteptiaali
vaihteli valilla 300-500 mV. Kaikki liukoinen rautali 50 °C:ssa ferromuodossa, huolimatta redox-
potentiaalin vaihtelusta. Kokonaisraudan konsetitvaai 50 paivan jalkeen 350 mg/l. Tama osoitti,
ettd raudan hapetus ja saostuminen tapahtuivatnsakaésesti. Ruskean varisia saostumia kertyi myos
muiden lampdtila-kolonnien (7-50 °C) malmin pinealLiséksi kirkkaan keltaisia rikki tai Na-jarosiit
saostumia muodostui 7 ja 21 °C:ssa oleviin koldmnei

50 paivan jalkeen kierratysliuoksen solumaara diC7sa (1810° solua/ml) merkittavasti suurempi
kuin muissa lampétiloissa (30" solua/ml). Solumaarat pysyivat kolonnien kierrlitysksessa
samassa tasossa koko tutkimuksen ajan. Liuotusjiéiem solumaarat 7 ja 21 °C:ssa olivat rf 10
solua/g malmia. Lampétiloissa 35 ja 50 °C liuotésjadksen soluméaarat olivat 1,1°%@ 8,7-16
solua/g malmia. Kierréatysliuoksen pH ei vaikuttahubneen lampdétilassa (21 °C) olevien kolonnien
solumaariin. Soluméaarat olivat %00 solua/ml kierratysliuoksessa ja noinglﬁolua/g malmia
liuotusjaannoksessa.

Mikrobiyhteison rakennetta ja sen muutoksia tutikiitensin uuttamalla DNA ja monistamalla 16S
rRNA-geeni polymeraasiketjureaktiolla (PCR). Sefkgén eri lajien 16S rRNA-geenit erotetiin
denaturoivalla gradientti geeli elektroforeesilliD@GE). Kasteluliuoksen pH ei vaikuttanut
mikrobiyhteison rakenteeseen. Sen sijaan lampitilali huomattava vaikutus. Ensimmaisien
kuukausien jalkeercidithiobacillus ferrooxidan®\P 310 (96-99% vastaavuus, paikka DQ35518) ol
ainoa mikrobi 7 °C:ssaA. ferrooxidansesiintyi myds muissa lampdtiloissa. Tutkimukseetdjen
julkaisun jalkeen on tunnistettu kaksi uuaidithiobacilluslajia, A. ferrivoransja A. ferridurans
Naytteiden, joiden 16S rRNA-geenin DNA-sekvenssistasivat A. ferrooxidans -lajia, DNA-
sekvenssit analysoitiin uudelleen v. 2015 kayttésgpua BLAST-hakutytkalua. Ohjelma etsii
hakusekvenssin kanssa samankaltaisia sekvenssejdngstaa ne. DNA-sekvenssit 7 ja 21 °C:ssa
vastasivat 99 prosenttisegti ferrivoransSS3 -kantaa (CP002985). Yksi 35 asteen 16S rRNAigee
DNA-sekvenssi vastasi 99%. ferriduransATCC 3302 -kantaa (NR_117036). 50 asteessa olevasta
kierratysliuoksesta ei kaytetyilla menetelmilla tsagittavan hyvadA. ferrooxidanslajin 16S rRNA-
geenin DNA-sekvenssia. 50 asteen kolonnissa alatetsiintyvan samaA. ferrooxidans kuin
muissakin kolonneissa, joiden DNA-sekvenssin batidDGGE-kuvassa samassa paikassa. Myos pH-
kolonnienA. ferrooxidanslajin 16S rRNA-geenin DNA-sekvenssit vastasiva¥®A. ferrivoransSS3
-kantaa (CP002985). Denaturoivalla gradientilla780%, jota tutkimuksen DGGE:ssa kaytettiin, ei
pysty erottamaan naitécidithiobacilluslajeja, jotka ovat geneettisesti hyvin lahellastaan. A.
ferrivorans A. ferriduransja A. ferrooxidans/oivat hapettaa rautaa ja rikkiyhdisteita.

Leptospirillum ferrooxidand®©SM 2705 (98-100%, X867769) jaulfobacillus thermotolerankR-1
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(99%, DQ124681) esiintyivat huoneenlammadssa jaC38s4.Sb. thermotoleransli lasna 50 °C:ssd..
ferriphilum D1 (99%, DQ665909) ilmestyi kierratysliuoksiin 3@&ivan jalkeen ja se havaittiin myos
jokaisesta liuotusjaannoksesta, paitsi 7 °C:sggHata 3,0L. ferrooxidanga L. ferriphilum pystyvéat
hapettamaan vain rautesb. thermotolerangystyy hapettamaan rautaa ja rikkiyhdisteita.

Kolonnikokeen aikana kierratysliuoksista analysoitahdesti arkkeja, lajeja I0ydettiin kolme. Laji,
joka vastasi 91%:siThermoplasma acidophilumiBSM1728 (AL445067), l6ydettiin kaikista muista
kierratysliuoksista, paitsi pH:sta 1,Sulfolobus metallicu®SM 6482 (98%, SM16SRRN1) oli lasna
pH:ssa 2,5 ja 3,0 sek& kaikissa lampotiloissa, spait asteessaSulfolobus metallicuspystyy
hapettamaan seka rautaa, etté rikkiyhdist€ggiroplasma acidophilunbR1 (98%, AY22042) esiintyi
pH:ssa 2,0 ja 2,5 sek& lampdtiloissa 7, 21 ja 50 °C

Kolonnin, joka oli 7 °C:ssa, kierratysliuoksestattin ymppi kokeeseen, jossa maaritettin raudan
hapettumisen nopeus ja Vviljelman lampdétilaoptimi.estattu lampdtilavali oli  2-40 °C.
Lampdtilaoptimeita [6ytyi kaksi; 22,4 ja 32,4 °Carma osoitti, etta viljelmassa oli psykrotolerarattigy/

tai mesofiilisia mikrobeja. Tulokset tukevat mydaskintaa, jonka mukaad. ferrooxidansolikin A.
ferrivoranstai molemmat lajit olivat lasna. Raudan hapettumigudet olivat 22,4 °C:ssa 13,6% mg
Fe?*/soluah ja 32,4 °C:ssa 12B3° mg Fé*/soluah.

Talvivaaran kaivosyhtio operoi pilot-mittakaavanolhiotus kasoja (17 000 t) Talvivaarassa 30
kuukautta. Kaynnistysvaiheen jalkeen magneettikjekiisun hapettuminen nostivat kasan keskustan
lampdtilan jopa 90 °C:seen. Toisena talvena, kassiiampdtila oli edelleen kuumimmissa kohdisssa
80 °C. Kierratysliuoksen lampdétila vaihteli 60 j& 9C:teen valilla. Kierratysliuoksen tavoite pH oli
2,0. Huolimatta jatkuvasta pH:n sdadosta, pH vaihtelemissa kasoissa 3,0 ja 3,5:den valilla
ensimmaiset kymmenen kuukautta. Taman jalkeenikéeliavalilla 2,5 ja 3,0.

Bioliuotuskasojen mikrobiyhteisoa tarkkailtiin kaigta ja kierratysliuoksen keraysaltaista. Solu@aar
oli n. 10 solua/ml primaarivaiheen (18 kuukautta) jalkeenuren lampétilagradienttien vuoksi
kasassa oli lasna molempia meso- ja termofiilis&idan ja rikin hapettajia. Kierratysliuoksen
mikrobidiversiteetti oli alussa laaja, mutta estain mikrobien maéara vaheni liuotuksen edistyessa.
Hallitsevana bakteerina oM. ferrooxidans/ ferrivoran§S3 (99%, CP002985) ja tuntematon bakteeri,
joka vastasi kloonia H70 (91%, DQ328625) esiintyein naytteissd.. ferrooxidansDSM 2705 (98-
100%, X86776) havaittiin ensimmaista kertaa kuukiemkauden jalkeen. Sen jalkeen se esiintyi lahes
kaikissa naytteissa. Primaarivaiheen aikana kigslisibksessa loydettiin kolme arkki@hermoplasma
acidophilum(91-93%, AL445067) seka kaksi tuntematonta arkkia.

Kasoista porattiin useita malminaytteita vuodedibaiuksen jalkeenA. ferrooxidans/ ferrivoran§S3
(99%, CP002985¢siintyi suuresta lampdétilavaihtelusta (20-90 °Gylmatta lahes kaikissa naytteissa.
Liséksi A. caldus(96-99%, AY427958) ja tuntematon bakteeri, joka salkua kloonille H70 (91%,
DQ3286259) olivat lasn&b. thermosulfidooxidangN22 (99%, DQ650351) esiintyi kasan kuumilla
alueilla. Ferrimicrobium acidiphilumr23 (99%, AF251436) esiintyi alueella, joissa latipdvaihteli
valilla 20 ja 35 °C.Bioliuotus kasat putettin ja kasattin 18 kuukaod@lkeen uudelleen.
Mikrobiyhteiso sdilyi toisen liuotusvaiheen samdtdiaena.A. ferrooxidans ferrivorans SS3 (99%)
oli hallitseva bakteeri kierratysliuoksessa, jossantyi myds tuntematon bakteeri, joka vastasokia
H70 (91%), jaL. ferrooxidandDSM 2705 (98-100%).
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1. INTRODUCTION AND BACKROUND

1.1NICKEL ORE RESOURCES

To meet the growing global nickel demand, mining ametal industry must develop technologies for
utilization of low grade nickel ore resources. Tnewth of stainless steel industry, the primaryruge
nickel has increased quite steadily during the édéry. Japan, China and the countries of the Eunopea
Union are the largest Ni consumers. After 2011wbed nickel consumption has been over 1.5 million
tons per year. Althought metal prices have beestdhting since summer 2011 investments in industry
have been made. Figure 1 presents world nickelyatazh from 1900s to present. Nickel is a finite
natural resource and sustainable principles tongirdre challenging as there is global pressure to
reduce energy consumption and gaseous emissionsck (KR011). Recycled nickel accounts
approximately 42 % of the nickel used in stainlegsel production (Nickel Institute 2015). For
economic and technical reasons low grade ore ressware not amenable to high energy demanding
pyrometallurgical recovery. Biohydrometallurgy hhe potential of increasing resource utilization.

World nickel production
(1900-2010)

2 000 000

1 600 000

i
1 200 000 /j
800 000 W/\/
400 000 ‘Jf/'
0 I

1900 1920 1940 1960 1980 2000
Year

Ni Produced (t)

Figure 1. World nickel production (data derivednfrésnonymous 2014a).

The known reserves of nickel ore in the world grpraximately 23 billion tons with an average grade
0.97 %. Nickel is an important metal in modernastructure. In addition to stainless steel, itssediin
demanding corrosion- and heat-resistant applicatiamd in areas such as information technology,
coinage, batteries, and magnetic superconductors.

Nickel is the earth’s fifth most abundant elementndeight comprising about 3 % of the earth’s total
composition and mostly present in earth’s core. @dtr200 hundred nickel-bearing minerals have been
identified, but relatively few are abundant enoagibe industrially significanfThe mined nickel ores
are divided into sulphide ores and oxide ores dal&erites The world nickel supply has been
predominantly from sulphide deposits. Nickel ocamainly as pentlandite [(Ni, 5] in association
with large amounts of pyrrhotite (F€5,). (Kelly and Matos 2014).

World largest nickel sulphide deposits are locate@udbury, Ontario, Canada; in Norilsk, Siberia,
Russia; in the Kola Peninsula bordering FinlandMastern Australia and in South Africa. Figure 2
presents largest nickel deposits in the world. idip ores are generally found in areas where dlacia
action has removed much of the overburden of weatheock (Hoatson et al. 2006). Sulphide ores can

1



be concentrated by using mechanical means, sugtagsetic separation or flotation. The nickel grade
of sulphide ore typically ranges from 0.5 - 4 %W). Economic exploitation usually depends on the
recovery of valuable by-products (Berger et al. Y0Bioleaching is usually applied when ore corgain
below 0.5 % (w W) metals, otherwise pyrometallurgical applicatiamde used. (Mudd 2009, Mizzi
1987). For nickel no full-scale operations wereuge at the time of Talvivaara pilot-scale bioheap i
2007. In China, Jinchuan Group Ltd owns about 4000Mlow grade nickel sulfide mineral ore
deposit. Bioleaching column tests are done by &tel. (2008 and 2009). Several columns were filled
with 200 kg of ore and bioleached 252 days.

Nickel is also found in manganese crusts and nsdrdegering large areas of the ocean floor. The-long
term decline in discovery of new sulfide depositdraditional mining districts has forced explooati
teams to shift to more challenging locations likstecentral Africa and the Subarctic. (U.S. Geaabi
Survey 2013).

About 70 % of world nickel resources are lateritlaterite ores are not readily amenable to
pyrometallurgical recovery and alternative techgae are required. Unlike sulphide metals, the
valuable metals in laterites are present withingtractures of host minerals. (du Plessis et al1p0
Nickel recovery from laterites requires more enepgy ton than from sulphides. Intensive ammonia
leach technology or more complex high pressure #&e@th processing combined with solvent
extraction and electrowinning have been used. @twaet al. 2006). Laterite deposits tend to bestow
in grade but larger in total size compared to sdigh In future laterite projects will have sigoént
impact on the nickel supply. (Hoatson et al. 200&jor new laterite projects are being developed e.
in Australia and New Caledonia. (Jessup and Mudit4p0The potential of bio-process laterites is
under research. The process called Ferredox istetgto tropical limonite, specially goethite
[FeO(OH)]. The reductive leaching results the redeaf valuable metals (Ni, Co and Cu). The process
has been demonstrated in anaerobic, acidic condifjpH 1.5-2) at atmospheric pressure and ambient
temperature (25-30 °CA. ferroxidanshas been used in a process, as it can use fesricas an
electron acceptor, as an alternative to oxygerihdh case an electron donor is required e.g. sulphu
(Hallberg 2011, du Plessis 2011).
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1.1.1. Global nickel mining companies

The global nickel marked is led by a number of magmducers (Table 1) followed by a range of
moderate to minor producers. Russia is the langiekel-producing nation in the world, followed by
Philippines and Indonesia. In 2011, Russia prod2&e 000 t of nickel. Philippines and Indonesia
both around 230 000 t, Canada 200 000 t and Aisstt8D 000 t. (Anonymous 2013).

Table 1. The world's ten largest refined nickelduwers in 2011. (Derived from anonymous 2014b).

Operation Produced Niin 2011 (Mt) Largest mines

Norilsk Nickel Ltd 286 Polar division and Kola MMG# Russia (Cu, Ni)
Vale SA 206 Creighton mine in Canada (Ni)

Jinchuan Group Ltd 127 Jin Chuan mines in China (Ni

Xstrata 106 Nickel Rim South mine (Ni, Cu, Pt)

BHP Billiton 83 Nickel West in Australia (Ni)

Sumimoto Metal Mining Co 65 Hishikari in Japan (Au)

Eramet SA 54 Moanda Mine in Congo (Mn)

Anglo American Plc 48 Minas-Rio in Brazil (Fe)

*the Kola Mining and Metallurgical Compa

In Russianickel production is pre-dominantly by MMC Noril$¥ickel Ltd, from the Kola region of
north-western Russia and the Taimyr Peninsula irthreentral Russia (Siperia), with all mines
extracting Ni-Cu sulphide ores. Norilsk Nickel ietworld’s largest producer of nickel and palladium
and one of the largest of platinum and copper. IslofNickel has production facilities also located i
four other countries: Australia, Botswana, Finlamil South Africa. In 2012, Norilsk Nickel produced



300 000 tons of nickel and 364 000 tons of coppkari(sk Nickel 2014). In Finland, Norilsk Nickel
operations include a nickel refining plant in Hagha.

In Canada, nickegbroduction is dominated by two companies, Vale $4 Xstrata. Vale operates at
large Ni-Cu sulphide deposits at Sudbury in Ontand at Thompson in Manitoba. Xstrata Nickel Ltd
operates also in the Sudbury district, as welltaRaglan in Quebec. All Canadian projects are based
on Ni-Cu sulphide ores.

In Australia, nickel production is dominated by BHRIiRin (2014) operating three major Ni sulphide
mines at Mt Keith, Leinster and Kambalda. There some nickel laterite projects, as an example in
Murrin Murrin and Cawse. (Hoatson et al. 2006).

1.2BIOLEACHING APPLICATIONS

Biohydrometallurgy is the processing of metal comitey sulphidic ores and ore concentrates using
micro-organismsBioleaching is a process where an insoluble minersdially a metal sulphide, is
oxidized into a soluble form in water in a processalysed by microorganisms. There are several
applications where bioleaching is used. Copper @hér base metals are recovered from sulphides
such as covellite (CuS), chalcocite ¢Sy bornite (CsFeS), chalcopyrite (CuFe§ pentlandite
(Ni,Fe)Ss, millerite (NiS), sphalerite (ZnS) and galena (Pb&hese occur usually with pyrrhotite (Fe
1Sy) and pyrite (FeS). In the case of refractory gmleds microorganism are used to oxidize sulphide
minerals, which encapsulate gold particles. By ahgsg these sulphide minerals, the gold particles
can be recovered by further treatments. In goldvewy, the term biooxidation is usually used. (Bflan
2001, Ehrlich 2001).

1.2.1 History of bioleaching

Microorganisms have participated in the oxidatioh solphidic ores in the earth’s crust since
geologically ancient times. In 188@entury the copper mine in Rio Tinto in Spain whes first large-
scale operation where microorganism played a najer (Brierley 1982). At that time there was no
understanding of the leaching process or the rbtaicroorganisms. In 1947 bacteria belonging to the
genusThiobacillus(later Acidithiobacillug were described in acid mine waters by Colmer ldimkle
(1947), and their role in metal oxidation was desiated. (For the reviews, see Brierley and Brnerle
2001, Morin et al. 20068Vlousavi et al. 2006).

In the period of 1950-1980 bioleaching was useditlier recovery of copper and other metals from
waste material and low-grade ores in dumps (GemtimthAcevedo 1985). In the beginning, the dumps
were piles of different sizes of minerals and ntoréfwas made to optimize metal dissolution or
activate microorganisms. While understanding ofldaiohing evolved and metal consumption
increased, hydrometallurgical processes developeel first international biohydrometallurgy meeting
was held in 1977 in Braunschweig, Germany. MinewdaPuel (Lo Aquirre) copper mine in Chile is
usually considered as the first heap bioleachiagtplPudahuel’s mine was started in 1980 and closed
in 1996 due to ore depletion. First commercialaetory gold biooxidation plant started in 1986 in
Fairview in South Africa. (Brierley and Brierley @D, Morin et al. 2008ylousavi et al. 2006).

In 1995, work with bioleaching of chalcopyrite cemtrate developed and evaluated on commercial
scale athe Chuquicamata Mine in Chile, with a design piiitun rate of 20 000 t copper per annum.
(Batty and Rorke 2006).



Today, many industrial-scale hydrometallurgicalqesses are used for recovery of gold and copper.
Table 2 lists examples of commercial heap and doimleaching plants, all recovering copper. 20 % of
the annual demand of copper production is prodweethydrometallurgical processes (Watling 2006).
The applications continue tevelop further anéxpandfor lower grade nickel, zinc and cobalt ores.
Future mining applications will be directed more lower-grade, lower-quality and complex ores.
Developing countries share over 50 % of the woddper production (Pradhan et al. 2008) and their
role continues to increase with the diminishingim@ resources. (Dew and Miller 1997, Rawlings

2002, Watling 2008).

Table 2. Examples of commercial, copper recovehniggp and dump bioleaching plants.

Plant Country Ore processed Years _m References
(t /day) operation
Cerro Verde Peru 32000 1977 [1], [2]
Lo Aquirre Chile 16000 1980-1996  [1], [2]
Lince Il Chile 3000 1991 [1], [2]
Mt Leyshon Australia 1300 1992-1997  [1],[2]
Cerro Colorado Chile 16000 1993 [1], [2]
Ivan Zar Chile 1500 1994 [1], [2]
Quebrada Blanca Chile 17300 1994 [1], [2]
Punta del Cobre Chile 3300 1994 [1], [2], [3]
Andacollo Cobre Chile 15000 1996 [1], [2]
Dos Amigos Chile 3000 1996 [1], [2]
Phoenix deposit Cyprus 3000 1996 [1], [3]
Zaldivar Chile 20000 1998 [1], [2]
Lomas Bayas Chile 36000 1998 [1], [2]
Nifty Copper Australia 5000 1998 [1], [2]
Escondida Chile 110000 2006 [1], [3]
Monywa Myanmar 18000 1998 [1], [2]
Toquepala & Cuajone Peru 128500 [1], [3]
Morenci Arizona 75000 2001 [1], [2]
Girilambone Australia 2000 1993-2003  [1],[2]
Zijinshan Copper Mine  China 8400 2008 [31, [4]
Whim Creek and Australia 1700 2006 [1], [2]
Mons Cupri
Lisbon Valley USA, Utah 18300 2006 [2],[3]
Jinchuan Copper China 2006 [2]
Spence Chile 50000 2007 [2],[3]
Talvivaara Finland 72000 2008 [3]

*Talvivaara heap bioleaching plant in Finland proesi nickel, zinc, copper and cobalt.

[1] = Watling 2006
[2] = Brierley 2008

[3] = Neale et al. 2011
[4] = Xing-yu et al. 2008



1.3MICROBICALLY CATALYSED METAL SOLUBILISATION

Metals are leached from sulphide minerals by thechtof ferric iron (F&) and hydrogen ion (B on
the metal sulphide bond. £eand H are formed as a consequence of microbial oxidatidre
mechanism includes the following reactions (Sandlet1995, Rawlings et al. 2003, Daoud and
Karamanev 2005):

MS + 2 Fé"' > M* + & + 2 Fé* (1) (chemically catalyzed reaction)
L+15Q+H0—SQ> +2 H (2) (bacterially catalyzed reaction)
AFE + O+ 4H - 4FE" + 2 H,0 (3) (bacterially catalyzed reaction)
MS + 2 G — M?" + SQ (4) (chemically/ bacterially

M is metal. catalyzed reaction)

The electron acceptors (ferric iron and oxygen) @nedactivity of hydrogen ions are the driving fesc

of metal solubilisation. The leach kinetics dependpH (the activity of ) and the oxidation potential
(measured as redox). Ferric iron is a strong okidiagent and redox potential is used to tell tteor

of ferric to ferrous ions in the solution. Becamsieroorganisms are efficient at oxidizing ferrousni

to ferric state, the bioleaching conditions typigdlave a high redox potential (> 500 mV). Usuakle
with chemical oxidation is around 200 - 400 mV. $Hawering the pH increases the redox potential
via the increasing amount on soluble ferric iron the solution and that increases the metal
solubilisation. (Ahonen and Tuovinen 1995).

Table 3 presents sulphide mineral leaching reastitheir elemental composition and end products.
Reactions represented are highly simplified anthtermediates or reaction mechanisms are presented.
(For the reviews, see Watling 2008 and SchippedsZand 1999). Bioleaching mechanisms (indirect
or direct) and oxidation pathways are discusse®blgwerder and Sand (2007) and by Rohwerder et
al. (2003).

Table 3. Most common bioleaching reactions. Reastare highly simplified and no intermediates or
reaction mechanisms are presented. Reactions happgnaphase in the present of microorganismsand

Mineral Reactants Products Reference
Pentlandite (Ni,FgBs Ni** + Fe¢* + S Watling 2008.
Millerite NiS + H,S0O, Ni?* + SQ* + H,S Watling 2008.
NiS + Fé" Ni** + Fé" + S Watling 2008.
Violarite FeNpS, NiZ*+Feé" + S Watling 2008.
Pyrrhotite Fe,S + HSO, FE" + SQZ + H,S Schippers and Sand 1999.
Pyrite FeS+Fe" + H,O0 F&'+S07 +H" Schippers and Sand 1999.
Sphalerite ZnS + Fé* "+ Feé +S Fowler and Grundwell 1998.
Chalcopyrite CuFeS Fe* CU" +Feé" +S Erlich 1997.
Chalcocite CwS + Fé" CH +Fe"+S Erlich 1997.
CwS + O+ H' CuS+H+C# +H,0 Erlich 1997.
Sulphur reactions S + HO + O, sSQ% +H Watling 2008.
H,S + G S+ HO Watling 2008.

As in the case of pyrite and pyrrhotite the reactwoducts are ferrous iron and reduced inorganic
sulphur compounds (RISCs). Microorganisms thenideox the ferrous iron back to ferric state. RISCs
are metabolized by sulphur-oxidizers. OxidatiorR&ECs yields more energy than oxidation of ferrous
iron. Therefore, microorganisms that are able tadie& iron and sulphuric compounds may be
perceived to dominate on bioleaching environmanigess there are other factors, such as temperature
or pH, with overriding effects. (Sand et al. 19%awlings 2002). Sulphur oxidation is the most
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significant acid-generating process in bioleachipkeman et al. 2008). By transforming sulphur
compounds to sulphuric acid they reduce accumulatioelemental sulphur. (Ahonen and Tuovinen
1992, Crundwell, 200Rohwerder et al. 2003). Combination of iron- angblsur- oxidizing microbes
has been considered effective in bioleaching pseEsegRawlings 2005).

Pyrrhotite and pyrite comprise over 80% of the claxsulphide ore deposits and therefore play a
significant role in bioleaching. Pyrrhotite and ipgroxidation delivers ferric ions into the leaahin
solution. However, high ferric ion concentrationaynbe inhibitory, especially tA. ferrooxidans This
changes the microbial population when leaching i@sgps. Precipitated iron products can cover the
ore surfaces and thus decrease leaching rateslifgv@008). Iron control strategies are therefore
needed in downstream processing. (Nurmi et al. ROR@rrhotite oxidation generates significant
amounts of heat. Metal dissolution rates are uguadireased at higher temperatures, unless, there a
no active thermophilic microorganisms. (Watling 8R0

1.4TYPICAL GANGUE MINERALS

The mineralogical composition of the is of the m@mimportance. Physical and chemical properties of
the ore impact the technique to be chosen and #tal mecovery rate. The development of bioleaching
consortia is affected on the ore mineralogy. Theetgnd composition affect the need of acid and pH.
(Watling 2006). Many gangue materials e.g. carbesmand some silicates (e.g. mica, feldspar) are
acid-consuming (Table 4, Rawlings et al. 2003, i8vérg and Banwart 1999). The term ‘gangue’ is
used to describe the valueless minerals in anepegit. The leaching rate of silicate ores is lothan

that of carbonate ores (Ahonen and Tuovinen 19B%g.dissolution of silicates results in gellingtioé
leach liquor. Ganque minerals can also form ali@matweathering) products. (Rimstidt 1997,
Rawlings et al. 2003, Stromberg and Banwart 1989aluminosilicates ruptures of Si-O and Al-O
bonds are common. (Ehrlich 2001, Pietrobon et 297) Silicate minerals are subject to microbially
enhanced solubilisation mediated by ferric iron antphuric acid. (Puhakka and Tuovinen, 1986a).
The total dissolution of minerals generally consammre acid than weathering and the acid demand is
difficult to predict. (Jansen and Taylor 2014). &ikition of gangue minerals may also release metals
that are toxic to bioleaching (Paper IV, reviewgdln Plessis et al. 2007).

Table 4. Examples of acid consuming gangue reaxtidbdapted from Jansen and Taylor (201(Reactions are
not balanced).

Start products End products
Silicate breakdown
K feldspar KAISOg + H' K+ A% + H,SiO,
Na feldspar NaAISOs + H' Na + AlI*" + H,SiO,
Ca plagioclase CaAlgDg+ H' c&d + AP + H,SiO,
Carbonate minerals
Calcite CaCQ+ H' Cd +H,0 + CQ
Alteration
Plagioclase #Bi0, CaAlSEOs + HsSiO, CaSQ2H;0 + HAI(S0), + H,O
Biotite (H,K)2(Mg,FedAl(SiOd) + H" +0, + FE* SQF Mg AI,Siz0,(OH), + KFex(SQy),(OH)s+ SiO,
Limonite breakdown
Hematite FgO;+ H* Fe*+ H,0
Goethite FeO(OH) + H Fé* + H,0




1.5THE pH CONTROL

In the beginning of bioleaching, acid consumptisroften high since initial acid consuming reactions
occur. Highly reactive gangue minerals (e.g. caabes) react in short time according to Table 4hén
beginning, agglomeration of the ore with sulphatd reduces pH changes and the occurrence of pH
gradients. (Rawlings et &003, Stromberg and Banwart 1999).

In spite of breakdown and alteration reactionsmiation of solid products is common in leaching
environments. Table 5 presents examples of pratimit reactions. Jarosite [ME®OH)s(SOy),] and
gypsum (CaS@2H,0) precipitations are common. Elemental sulphur can atcumulate and form a
rim around the ore particles (Ahonen and Tuovin@®2] Watling et al. 2006). Precipitates affect meta
recovery rates by forming diffusion barriers on eral surfaces. Precipitates accumulate also in
pipelines, pumps and valves making maintenance rapdir challenging. Precipitation is pH and
temperature depende®honen and Tuovinen 1995, Bhatti et al. 2012a gnd b

Jarosite is formed in conditions where pH is léss1t3 and above 1.5 in temperature range between 4
and 35 °C (Baron and Palmer 1996, Das et al. 199®&).concentration of ferric iron and sulphate.(e.g
continuous addition of acid to the heaps) affebes amount of precipitated jarosite (Ahonen and
Tuovinen 1995, Bhatti et al. 2012b). Monovalentatilication is also needed. (Watling 2006). The
dissolution of silicates leads to a constant supgdlycations and increase jarosite precipitatiofs. |
solution pH increases, jarosite will precipitatdeasing H (lowering pH), but consuming Ee
(lowering Eh). Jarosite formation reaction is preéed in Table 5. The formation of jarosite can ls® a
seen as a proof of microbial activity and minersisdlution. (Jansen and Taylor 2014, Bhatti et al.
2012 a and b, Tuovinen and Bhatti 1999, Baron aatin€ 1996). When pH rises, jarosite is
transformed to various FeO(OH) compounds, includiggethite or hematite, depending on
temperature. (For a review see Das et al. 199Gndst ores, acid consuming silicate minerals rasult
Eh-pH conditions within the jarosite field. (Nazatial. 2014).

Formation of amorphous, gelatinous silicate préaips may cause solution flow barriers on the
surface of minerals that hinder the dissolutiomudtals, increase the viscosity of the leach liquor,
lower the gas transfer rates and inhibit the |elapior percolation through the heap. Dissolution of
silicate minerals increases acid consumption (Eye2001, Rawlings et al. 2003, Strémberg and
Banwart 1999, Bhatti 2012b). In this study, thesdistion of silicate minerals was evident at pH. 1.5
This increased the viscosity of PLS and gelatimmesipitates were formed. In extreme cases, this ca
clog the flow of solution. (Rawlings et al. 2003¢@nberg and Banwart 1999, Bhatti 2012b).

Table 5. Examples of most common precipitationtieas. Adapted from Jansen and Taylor
(2014) (Reactions are not balanced).

Start products End products

Fe*+ M'+ SQ? + H,0 MFe&(SOy)(OH)s+ H  Jarosite
H4SIiO, Sio, + H,O Silica
cd + SQ? + H,0 CaSQ2H,0 Gypsum

Where M = K, Na', NH*, Ag*, P, or H,O"

Changes in mineralogical composition of the multahdlack schist ore from Talvivaara mine site
were monitored in the study of Bhatti et al. (201The transformation of main mica mineral,
phlogopite [KMg(AISizO10)(F,OH)] to vermiculite (Mg", F&*, FE")(AISi)4010)(OH)24H,0 was
complete. That alteration was mainly dependenhefpH of the leach solution and the formation of K-
jarosite. Table 6 summarizes gangue silicate |leacheactions arranged by reaction type. Reaction
products are classified as precipitation, alteratinsolution product.
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Table 6. Silicate mineral leaching reactions. Addgtom Jansen and Taylor (2014Reactions are not balanced).

Reaction type Feed mineral Solution Precipitation Alteration Solution products
reactants products product
Breakdown K/ Na feldspar P+ SO H,SiO, + AI®* + Na/K'
Caplagioclase ~ H SO H,SiO, + AI®* + Cc&*
- 2 H,SiO, + AI** + C&* +
Biotite H+ SO F&* + Mg
2- +
SOTHK Y Jarosite P+ SQ, %
Precipitation Fe
H,SiO, Silica
2- +
ig‘l KO Alunite H'+ SQ
SOF+C&"  Gypsum
H,SiOs+ AI**  Pyrophyllite/ Kaoline P SQF
H,Sio, + AI** —_—
+ Mg” Vermicullite
Alteration Plagioclase F+ SO Gypsum Pyrophyllite H SQ*
+ 2-
Biotite :;'egt SQT+ Jarosite, silica Vermiculite

Due to a concurrent dissolution, precipitation, dation and reduction reactions the net acid
consumption or acid production prevails in bioléaghsystems (Ahonen and Tuovinen 1995). It is
difficult to maintain the solution pH within the sieed range without constant pH adjustment
(Rawlings et al.2003). Sulphuric acid consumption can, therefoegome a major operating cost
(Watling 2006).

1.6 TECHNIQUES USED IN BIOLEACHING

To bioleach valuable metals, different engineeapgroaches have been developed, including dump,
heap, reactor and situ bioleaching techniques. The process selectionriipen the grade of the ore.
(For the reviews see, Bosecker 1997, Brandl 20@WliRgs 2002, Johnson 2008 and Watling 2008).

1.6.11n situ leaching

In situ leaching (ISL) has been used in sites where thebody is inaccessible or rather poor. ISL is
used in production of uranium and copper. (Rawlig§84). The ore is not brought to the surface in
this process. The visual environmental impact iselothan in open pit infrastructures. Leaching
solution is injected through an array of wells itte mineral deposit. The liquor gravitates throtigh
ore and is collected in a centrally placed well wehe is pumped to the surface (Figure 3) (Sanal.et
1993). The ore body can be artificically fracturtt,example, by blasting, to improve the permagbil
before leaching (Wadden and Gallant 1985). Extenknowledge of the hydrology and geology of the
area is needed so that the process solutions dmigoate away from the mining area. (Kinnunen and
Puhakka 2004, Nurmi et al. 2009). In many trial jpcts the use of ISL has been considered
problematic or mining has not been approved byaiites. (Wadden and Gallant 1985, Tuovinen and
Bhatti 2001, Mudd 2001a). Table 7 lists commeraranium and copper mines.
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Figure 3. Schematic diagram lof situ leaching.

Uranium

According to World Nuclear News (2014) 45 % of uuan is produced by ISL and the production is
increasing together with diminishing high grade m@sources. Many ISL uranium mines have operated
in the area of former Soviet Union and Eastern perd<azakhstarbecame the world's leading
uranium producer in 2009, with close to 28 % of @roduction and 38 % in 2013. (Mudd 2001b,
World Nuclear Association 2014). In Kazakhstan t&& technology displaced the conventional
techniques in uranium production by 1990s. (Tuaviaed Bhatti 2001). There are several operating
uranium mines (Table 7). Kazatomprom, owned by Gam@014) is one of the newest operation in
Kazakhstan.

Copper

Beside the uranium, ISL mining has been appliedesfally to recover copper, especially in the area
of the Arizona copper belt in the US. The Miamitunfi Pinto Valley is an open cut copper and gold
mine. The Gunnison copper ISL project is locatethatsame area and is predicted to produce 50 000 t
of copper for the first 14 years. (Excelsiorminitgrporate 2014).

Table 7. Commercial uranium and copper ISL mines.

Country Mine Production Product Reference www-page
(t/a)

Australia Beverley 453 4Dg world-nuclear.org
Australia Honeymoor Na 124 UOs world-nuclear.org
Kazakhstan JV Inkai Mine 2 00( U30g cameco.com/mining/inkai/jv_inkai
USA Mc Arthur River 8 200 WOg cameco.com/mining/mcarthur_river
USA Smith Ranch-Highland 772 30s cameco.com/mining/highland_smith
USA Crow Butte 320 kD¢ cameco.com/mining/crow_butte

Pinto Valley and Cu capstonemining.com/s/pinto.asp?Repor
USA Miami Unit 26 800 tID=60636:
USA Pinto Valley and 49kg Au bhpbilliton.com

Miami Unit
USA Florenze starting Cu florencecopper.com/s/Hase.

Gold

In situ bioleahing applications for low grade and refragtgold ores have been evaluated by The
Commonwealth Scientific and Industrial Research abigation (CSIRO). ISL is a potential
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pretreatment method to remove pyrite and elemesukdhur before syanidisation. It is expected to
enhance gold leaching with chemical lixiviants daddecrease the lixiviant consumption. (Kaksonen
2014a and b).

1.6.2 Reactor-based techniques

The higher value minerals or ore concentrates nedyidprocessed using reactor based techniques. The
times required for mineral processing to be conepletre usually days and thereby shortest compared
to other techniques. Stirred tank reactors are ussmmonly in practice compared to other
configurations such as bubbling columns, airliffutons, percolation columns, Pachuca tanks and
rotary reactors. (Rossi 2001). Usually in commeérialeach plants finely milled mineral concentrate
or ore is feed as batches or continuously to twthoge primary reactors in parallel, feeding two to
three secondary reactors in series. The reacteraeaated, pH- and temperature- controlled. (Atkins

al. 1986, Dew et al. 1997, Rossi 2001, AcevedoGentina 2007).

The first commercial bioleching application was BEOX® process owned by Gencor at that time.
Development of the process started in the late 4@t0Gencor Process Research, in Johannesburg,
South Africa. The pilot plant was commisioned irB&%o treat 10 t per day refractory gold-bearing
sulphide concentrates with mesophilic microorgasis@®encor operated the first demonstration plant
in Faiview mine, then at Ashanti Shansu and nowadhgre are more plants e.g. in Australia and in
South America. A typical BIOX plant operates at 40-45 °C about an 18 %"vealids concentration
with a total solids retention time of around 4 dgysn Aswegen et al. 2007).

An alternative to the BIOX process is the process developed by BacTech. ah&d&h and BIOX®
processes use similar highly aerated stirred-tafike. major difference is that the BacTech procsss i
operated at close to 50 °C with moderately therntiogbacteria and thus, less cooling is requiredeO
disadvantage is that the solubility of oxygen aadoon dioxide is lower at the higher temperatures.
(Neale et al. 2000).

Billiton (which bought Gencor) continued to develbleaching to low-grade nickel ores, and the
followed process was termed the BioNICThe success inspired Billiton to continue to depe
bioleaching process to treat copper minerals, siscthalcopyrite. The process was named Bio®OP
Mesophilic microorganisms were not effective to I&amh primary copper minerals, especially
chalcopyrite. The work continued and improved copgeraction was achieved with thermophilic
microorganisms. The development of the BioCHProcess continued from pilot-scale to full-scale
commercial demonstration at the Chuquicamata MmeChile, with a design production rate of
20 000 t copper per annum. BioCBRprocess has six equal size continuos fed reactbesfirst three
reactors are in parallel and last three reactoessaries. 50-70 % of the metal dissolution ocouthe
primary reactors. Each of the reactors is aeratedagitated. High rate of iron oxidation is achigve
with the resulting redox potential of 700 mV. Lin@®e is used to maintain the pH and to provide
carbon dioxide for bacterial growth. SX-EW procédsscribed in Chapter 1.6.6) is used to recover
metal from pregnant leaching solution (PLS). TypB®COP™ process values are given in Table 8.
(Clark et al. 2006).
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Table 8. Typical BioCOP' thermophilic tank bioleaching operating conditions
Adapted from du Plessis et al. (2007).

Operating condition Value

Temperature (°C) 78

Pulp density of concentrate feed % (W)w 12

Primary reactor residence time (h) 48

Overall residence time (h) 96

pH 15

DO (mgI') 1-4

Microbial cell concentration in solution

1 10°

(cells ml%)

CO, supplementation (% of total gas flow) 1

Copper recovery (%) > 98
Sulfolobusspp.,

Microbial population Metallospaeraspp.,
Acidianusspp.

Redox potential (mV AYAgCI) 700

Biological extraction of cobalt from pyritic condeaites was commercialized in 1999 by the Bureau de
Recherches Géologiques et Minieres (BRGM) at KaBesfect at the Kilembe mine in Uganda. A 1.1
million ton stockpile of pyrite concentrate cont&ih.38 % cobalt. Continuously operated stirred-tank
recovers about 92 % of that cobalt. Mesophilic {oxdizing bacteria in this process grow optimaidty

37 °C. (Rawlings 2002).

Today several reactor-based technologies are coomieed and patented for base metal recovery and
for biooxidation of refractory gold ores. (Pradhan al. 2008, Watling 2008). Figure 4 presents

bioleachingreactors in series. Reactor waste ptsdue usually neutralized e.g. with limestone teefo
final disposal (Johnson 2003).

Leaching solutions

Reactors in a serie

>

=

| — Recovery

Figure 4. Schematic diagram presenting bioleacteagtors in a series.

1.6.3 Design parameters

The kinetic and engineering fundamentals of thégesf reactors for bioleaching have been addressed
by several authors (Gormely and Brannion 1989, eharet al. 1999, Acevedo 2000, Rossi 2001,
Acevedo and Gentina 2007). The key design factodstiaeir typical values are presented in Table 9.
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Table 9. Important design factors of bioleachiracters and their typical values.

Design parameter Typical value Ref.

Hydraulic retention time (HRT) 11-17 h CrundwellQ20

Pulp density <20 % Dew et al. 1995

Particle size <75um Ahonen and Tuovinen 1995

Dissolved oxygen (DO) 1.5-41mgl Kock et al. 2004

pH 1.5-2.5 Nemati et al. 1998

Carbon dioxide (CQ 5-8 % Niemela et al. 1994, Mason and Rice 2002
Possible nutrients N, P, K Dew et al. 1997

Temperature control Depends on the process Plurab 2008

Bioleaching environments are highly acidic and asitre. Materials of construction are usually rubber
lined mild steel or stainless ste@he selection of appropriate equipment affect thet< of care and
maintenance. Precipitates accumulate in pipelinales and pumps. Availability of skilled human
resources, energy and water costs, delivery otaatsand spare parts must be considered.

1.6.4 Dump leaching

Dump leaching has been typically used to leach eofiom low-grade or run-of-mine material (0.1-

0.5 % Cu) with minimal ore preparation. The dumjprrgated from the top with acidified water, the

leach liquor. Leach liquor then percolates throtighh dump and pregnant leaching solution (PLS) is
collected from the bottom and recycled again todbep. When the desired metal concentration is
achieved, PLS is collected and replaced or smad! 8ow is taken continuously for metal recoverny.e.
to a solvent extraction - electrowinning (SX-EWpgess (described in chapter 1.6.6). Raffinate from
the circuit is usually recycled to the top of thentp (Brierley 2001). Dump leaching is relatively
inefficient because of large particle sizes whgstall particles block solution flows and impede
aeration. (Watling 2006). In 2006, BHP Billiton gt the largest dumpleaching operation in the avorl
in Escondida Mine in Chile. It is expected to progld 80 000 - 200 000 t of copper per year over the
40 years. (Gentina and Acevedo 2013).

Recirculation

Recovery

Figure 5. Schematic diagram of the heap and duwipdxihing.
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1.6.5 Heap bioleaching

Heap bioleaching principle is rather similar to qufeaching. Heaps are better designed than dumps
and efforts are made to enhance leaching ratespioess has been optimized successfully during the
last thirty years. (Brierley and Brierley 2001). dpeleaching offers a number of advantages as
compared to dumpleaching, including rather low streent and operation cost with reasonable yields
over a period of recirculation. Metal recovery tsrare usually months rather than years. Suitalge or
particle size, access of oxygen and geometry agmeered particularly for the processed mineral and
are often based on laboratory or pilot-scale teliswever, even the most carefully engineered,
bioheaps always form gradients of temperature,[pBl,and irrigation. Typical heap design parameters
are presented in Table 10. The variability of mazcganisms is much greater in heaps than in strirred
tanks. Heaps can be inoculated, but in generaledsbing micro-organisms grow naturally in heap
environments. Inoculation can be done by includihg microorganisms into the agglomeration
solution. (Watling 2006, Gentina and Acevedo 208%6mberg and Banwart 1999, Riekkola-
Vanhanen et aR001, this study).

Agglomeration

Ore patrticles are agglomerated in rotating druntk acidified water and piled to 6-10 m high heaps,
called pads, on an impermeable ground e.g. higkigepolyethylene. Agglomeration of the ore
attaches the fine particles to the surfaces ofarger particles. This improves the permeabilitythod
heap, minimises the channelling and reduces aaidwuption in the beginning thus, providing better
conditions for microorganisms (Acevedo et al. 1998jcroorganisms are distributed evenly, which
may speed-up the start of the bioleaching operafiMalsh et al. 1997).

Irrigation

The heap is irrigated with the leach liquor frore top of the heap. PLS is collected from the bottom
and recycled again to the top of the heap. Leaglofi pH can be adjusted before irrigation. Irrigati
can be continuos or discontinuous. Discontinuagdtion is considered more effective. (Lizama et al
2005). During irrigation, the capillary forces dréhe liquid inside the ore particles. Porositytioé ore
allows the leaching solution to penetrate moreithe ore. When irrigation stops, the liquid draons
from the capillary and remains on the surfaces. Negation carries it with the dissolved metalsian
the process begins again. The ionic diffusion tloagstate capillary full of fluid is considerably
slower. The frequency of irrigation cycle is detared by the rate of evaporation and the concenotrati
of the metal in the exiting liquid phase. (Lizamtaak 2005). Typical irrigation rate is 5-10 ™.
The heap surface degrades or can compact easiy agfect of irrigation with sprinklers and the
percolation rate can drop significantly decreashmy metal yields. Heap top can be ripped if sotutio
forms ponds on the top of the heap. (Lizama €2@05, Pradhan et al. 2008).
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Figure 6. hotographs of the |rr|g|on lines froalvivaara biohea. Photos: Marja Riekkola-Vanhanen

Aeration

In bioleching systems sufficient supply of @&d CQ are important. Most of the bioleaching bacteria
are aerobic and chemolithotrops. Oxygen is thete@cceptor of ferrous iron oxidation. €€erves

as the carbon source for biomass generation. Agesxys required for oxidative metabolism, its
depletion has a rate limiting effect. Reactors easier to aerate than heaps and dumps, in which
oxygen gradients may prevail. Constantc@ncentration through the heap can not be attgihesen
and Webb 1995). Natural convection occurs when é&atpre inside the heap is greater than that of
outside. As the aeration rate is increased, thé s upward (Dixon 2000). Air is also dissolved
the leach liquor. In large heaps, natural convectloes not provide enough oxygen deep within the
heap for the microorganisms as it is consumed beatoreaches the middle parts (Leahy et al. 2006,
Gentina and Acevedo 2013).

Air is blown to the process by compressors via netwof pipes installed at the bottom of the heap.
Distribution network may include e.g. 500 mm headend 50 mm diameter laterals at 2 m spacing.
The density of the holes is dependent of the sizbeoheap. (Pradhan 2008) The depletion of oxygen
may produce kb5 gas catalysed by acidophilic sulphate reducingeb@ (SRB) or pyrrhotite can
directly dissolve under acidic conditions formingg-and F& (Sen and Johnson 1999, Gunsinger et al.
2006). Sulphate reducing bacteria grows usuallgentral pH, but some acidophilic SRBs have been
detected (Sen and Johnson 1999F Ishay react with metals and form insoluble sulphéivorak et

al. 1992).

Table 10. Typical heap design parametéds. Plessis et al. 2007, Brierley 2001).

Parameter Typical value
Height (m) 4-10
Leaching perioid (d) 300-450
Air-flow rate (N n? t* h) 0.02-0.08
Irrigation (L n? h'%) 4-18

Temperature effects on bioleaching

In heaps and dumps temperature depends on theticliooaditions, ore chemistry and process design.
Temperatures are affected by the composition andestration of the sulphidic minerals due to their
exothermic oxidation reactions. (Dixon 2000). Thdeo layers of a bioheap are affected by climatic
conditions. (van Aswegen et al. 2007, Leahy eR@05). The relationship between the chemical and
microbial reaction rates and temperature are desttiin Chapter 1.8.1.
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Heap bioleaching at low temperatures faces sewhi@lenges. At low temperatures all physical and
chemical reactions are slowed dowhhe relationship between the chemical reactior rand
temperature is as described by Arrhenius equakamgmann et al. 2005):

-E,
Ink= W +InA _where (5)

Ink = the natural log of the first-order rate coeffi®en similar rate measure for any temperattirgn
Kelvin)

E. = the activation energy, R is the gas constastiJ K* mor™)

A = the pre-exponential factor

For example, the activation energy for mesophilideaching of chalcocite is about 98 kJ thado that
for each 10 increase in temperature the reactienimareases 3 times. (Franzmann et al. 2005).

The relationship between microbial growth and terapee is as described by the Ratkowsky equation
(Ratkowsky et al. 1983):

] .
N/.i :b'(T— Tmin)'(] —e (c '(T'Tn,m)))
Time , where (6)

T = temperature (°C)
B and c = fitting parameters

Potential inhibitors of bioleaching organisms

Bioleaching microbes are usually adapted to highahwncentrations. Various strains may tolerate up
to 50 g L*Ni, 55 g L' Cu and 112 g & of Zn. (Bosecker 1997). Recirculation of PLS baskhe
process may lead to the accumulation of high camagons of ions. The accumulation can lead to
toxic concentrations and inhibite microbial grovatiid activity. If the consentration is enough hitie
osmotic stress can also cause plasmolysis to roiganisms, instead of metal toxicity. (Hedrich and
Johnson 2013)Nickel toxicity varies greatly between species atrdins. Subculturing and adaptation
enhance tolerance to higher metal concentratiddawlings 2005, Watling 2008). Arsenic, uranium,
chloride, nitrate and fluoride inhibit microbialayrth. (Hallberg et al. 1996b and Leduc et al. 1997,
Dopson et al. 2003). In Paper IV fluoride)(was released from the chalcopyrite in the cormaginons

of 15.2 and 5.8 mM and that inhibited microbialivty. Table 11 lists product and ferrous iron
concentrations reported to inhibife ferrooxidansandL. ferriphilum In the study of Nurmi et al.
(2009) withL. ferriphilum Fe** oxidation proceed at the tested maximurfi 28 g L'* and F&" 60 g L

! concentrations, althought #eoxidation rate decreased at abové'Fe g L* and F& 5 g L*
indicating substrate and product inhibition. With ferrooxidansconcentration of 20 gt of ferrous
iron has been found to completely inhibit the oimla of ferrous iron (Barron and Lueking 1990).
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Table 11 Product and ferrousiron inhibition concentratioegarted toA. ferrooxidansandL. ferriphilum

Concentration

Metal (g LY Strain Reference

NiZ* 31, 9.7, 60 A. ferroxidans Carbera et al. 2005, Nemati et al. 1998, Dopsah. &003
zn* 31 A. ferroxidans Carbera et al. 20(

cu* 11 A. ferroxidans Carbera et al. 20(

Fe* 20 A. ferroxidans Barron and Lueking 1990

Fe* 5-10 * A. ferroxidans Das et al. 1997

Fe 30, >20 L. ferriphilum  Kinnunen and Puhakka 2005, Nurmi et al. 2009
Fe* >20, >60 L. ferriphilum  Kinnunen and Puhakka 2005, Nurmi et al. 2009
FE€'+ Ni* 40+ 10 L. ferriphilum ~ Nurmi et al. 2009

Fé'+zn’* 30+ 40 L. ferriphilum ~ Nurmi et al. 200

Zn?*+ Ni** 60+ 10 L. ferriphilum ~ Nurmi et al. 200

Ni®* >60 L. ferriphilum  Nurmi et al. 200

zZn? >60 L. ferriphilum ~ Nurmi et al. 200

* partial inhibition

Most of bioleaching microorganisms are sensitiveriganic material, notablyeptospirillumspp., and
the growth can be inhibited (Johnson 1995 and 200dganic acids, like humic acid from the water
used as PLS, cell lysates of bioleaching microdsgas and organic solvents used in downstream
processing, might also lead to inhibition problem@®lazuelos et al. 1999). Heterotrophic
microorganisms do not participate in actual biokeag reactions, but rather oxidize organic carbon
and thus are part of the bioleaching ecosysteninglm 1998, Frattini et al. 2000, Matlakowska and
Sklodowska 2011).

Monitoring

The extent of the bioheap monitoring varies and ota@nge with the process of bioleaching. The PLS
is usually analysed for pH, redox potential, terapene and dissolved oxygen, total and ferrous iron
concentrations and different metal concentratiofisese analyses provide information on mineral
dissolution and the activity of the iron-oxidizibgcteria. (Brierley 2001). Samples of the leached o
are analysed for residual metals. Temperaturemasesured at various depths and locations troughout
the bioheap. Oxygen measurements indicate wheibadration is sufficient. (Brierley 2001).

Bacterial counts and molecular techniques togewhigr chemical and physical tests give valuable
information on the performance of heap operatiBnie(ley 2001).

1.6.6 Iron removal

Iron plays a key role when valuable metals areotliesl from sulphide ores (Please see Section 1.3).
Before the valuable metal recovery process, ir@dado be removed by precipitation. Being inhilyitor
at high concentrations (Please see Table 11) painearon can be removed also before recycling the
effluent. Iron is commonly removed through hydraxidrecipitation by adding lime or limestone to
increase the pH approxmately to 3. In additionhternicals, the pH can be increased also with the hel
alkaline producing microorganisms (Kaksonen andaRka 2007). (For the reviews, see Johnson 2003
and 2006).

Iron-oxidizing microorganisms can also be used sejgarate bioreactor to oxidize ferrous iron toider
state. That allows optimization of the conditiong.etemperature for both stages. (Rawlings and
Johnson 2007). High-rate iron oxidation has bedneaed with bioreactors using immobilized iron-
oxidizing microorganisms. In the study of Nurmiadt (2010) PLS after the recovery of target metals
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from Talvivaara was used in a fluidized bed rea@f®R) for biological oxidation of ferrous iron lay

L. ferriphilum After oxidation iron was precipitated with or titut pH adjustment and settled with
gravitation in a subsequent settling tank. The phkwadjusted with CaG@r KOH. When pH was
increased to 3.5 with KOH, the maximum oxidatiotera.7 g F& L*h was achievedwithout chemical
addition the iron precipitate as jarosite and pldreased. When pH was increased with KOH or
CaCQ, the formation of goethite or gypsum was also ples

Produced sludge must be finally disposed. Jargsieipitation is a common iron removal method
especially in zinc industry. Downside is that otmeetals may co-precipitate. (Cunha et al. 2008,
Ismael and Carvalho 2003, Puhakka and Tuovinend)9®&®n can be precipitated also as goethite or
hematite. Precipitated iron should have good settiroperties. The end product is strongly depeinden
on pH. Many neutralizing materials can be usedK&i or CaCQ. (Nurmi et al. 2010). Hematite is
the most stable form, which can be sold or storékdout special precautions. The jarosite and géethi
products are less stable and contain heavy métisite easily released into the environment, tiagul

in the requirement of strict and costly final dispbsystems. (Ismael and Carvalho 2003, Wang et al.
2007). Besides iron effluents contain high conceditns of sulphate. Also sulphate can be precagaitat
as a stable endproduct. Biological and chemical énod sulphate removal systems have been examined
especially for acid mine drainage (AMD). (Chaptes.T1.).

1.6.7 Metal recovery processes

In the beginning of hydrometallurgical solvent extion - electrowinning process (SX-EW) metal rich
solution is mixed with organic solvent (SX). Orgasblvent selectively removes metals from original
solution. The organic solvent is then separated methls are stripped from it with a fresh acidic
solution. That solution is led to electrowinning/lE where metal-rich solution is filtered to remove
entrained organics, heated, and passed throughries sef electrolytic cells where metals are
precipitated to form high quality cathodes. (Ba2082).

1.6.8 Environmental control

One of the major concerns arising from bioleachipgrations is the potential long-term environmental
impact. Bioleaching effluents can cause severe lpnob if they are released to the environment.
Effluents are acidic and contain metals in addittonsulphate and iron. (Gray 1997). Acid mine
drainage (AMD) can also form in natural conditiomsere sulphide minerals are exposed to oxidizing
conditions (Johnson and Hallberg 2003). The regsiwer of ferric iron is the key reaction that
accelerates the AMD production. AMD can be preverby excluding water or oxygen from the
mineral. One way of doing this is to isolate miherag. by using layers of sediment (Johnson 2000,
Johnson and Hallberg 2003). Another way is to cbahg top soil and replace it with vegetation. In
practice, the AMD cannot be prevented totally ammhediation applications are needed. (For a review
see, Johnson and Hallberg 2005).

AMD and effluents from bioleaching operations ahemically neutralized or precipitated. The used
techniques include neutralization and precipitatioiin alkaline material. Various neutralising reatge
have been used, including lime (CaO), Ca- and Nbermtes (CaC§{) NaCOs), Na- and Mg-
hydroxides (NaOH, Mg(OH). (Banks et al. 1997). Effectiveness and costheé chemicals vary.
Problem is that many of the metals co-precipitatee result is iron-rich sludge that contains vasiou
other metals. The controlled final disposal incesahe costs of the process. (For a review seasdah
and Hallberg 2005).
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Biological remediation is based to microorganisrhattare able to generate alkality and thereby
immobilise metals. Microbiological processes thaénegrate alkality include denitrification,
ammonification, methanogenesis, sulphate-, Fe- lsindreduction. Treatment systems vary from
actively monitored reactor types to passive wesar(éigure 7). Passive treatment applications are
relatively low cost and easier to maintain compaie@ctive treatment methods. (For a review see,
Johnson and Hallberg 2005).

———» Flooding/sealing of underground mines
——» Undenwater storage of mine tailings
PREVENTION L | and-based storage in sealed waste heaps

——» Microencapsulation (coating) technologies

. » Application of anionic surfactants

"Active" systems: aeration and lime addition

—»  Abiotic
"Passive" systems: e.g. anoxic limestone
drains
REMEDIATION

Off-line sulfidogenic

"Active” bioreactors

» systems
) . Accelerated iron oxidation
» Biological (immobilized biomass)

Aerobic wetlands

"Passive"

systems

Compost reactors/wetlands ‘

Figure 7. Options for preventing the formation aathediation applications of AMD (adapted from Jaimand Hallberg
2005).
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1.7THE COMPLEX MULTI-METAL BLACK SCHIST ORE DEPOSIT

Talvivaara complex multi-metal black schist sulghiore deposit is located in north-eastern Finland
with 1550 million ton of classified resources. Timneralogy and geochemistry of the deposit have
been characterized in the literature (Airo and lalakRuskeenniemi 2004, Loukola-Ruskeenniemi
1996). The Talvivaara deposits comprise two difieylymetallic ore bodies hosted by a black schist
Kuusilampi and Kolmisoppi. The deposits are relieasy to mine as an open pit. The nickel deposit
has been known for decades, but it is not been wstichow, because of the low nickel concentration

The Geological Survey of Finland carried out a ifledleexploration in the Talvivaara area from 1937 t
1983 and continued the geological work in the 1£8880’s and early 1990’s. The resource was found to
be large but of very low grade. The Talvivaara d#goremained unexploited until the Talvivaara
Project acquired the rights to the deposits in &Gatyr 2004 and continued the geological work by
focusing on sampling for processin purposes. (Riekkanhanen 2010, 2013). The mineral
composition of the sulfide component of the ore W& % pyrrhotite (FeS), 24.3 % pyrite (kS

% pentlandite [(F&€Nis—x)eSs], 6.5 % alabandite (MnS) and 2.4 % chalcopyritaKES).

In the ore, pentlandite contains between 75-88 dhefcontained nickel and pyrrhotite is the second
most important mineral in terms of nickel contd®yrite contains the main share (between 67-90 %) of
contained cobalt while chalcopyrite is carrying gepand sphalerite zinc. The mineral resources have
been classified with 0.07 % Ni cut-off at 1004 mifi tons, containing 0.23 % of nickel, 0.51 % of
zinc, 0.13 % of copper and 0.02 % of cobalt (Rig&kkdanhanen 2010, 2013). Si-containing minerals
are anorthite (CaA$i,0Og), biotite (K(Mg,Fe)[AlSizO10(OH,F)]), microline (KAISiOs), phlogopite
[KMg3(SisAl)O10(F,OH)], plagioclase [(Na,Ca)(Si,AlDg] and quartz (Sig). (Bhatti et al. 2012b).

During the summer of 2005, a 17 000 t demonstragilant was constructed at the Talvivaara mine site.
Resultswere encouracing and the building of a full-scadenmercial plant was started. Commercial
bioleaching process was in operationApril 2008 and first nickelsulphide product wdslivered in
February 2009 to Norilsk Nickel Harjavalta planRidkkola-Vanhanen, personal communication
2015).

Figure 8 presents the overall process from minimgrietal recovery. The process involves four
crushing stages, followed by agglomeration with PIA&er 13-14 months of bioleaching on the
primary pad, the leached ore is reclaimed, conveyed re-stacked onto the secondary heap pad.
Ongoing metals recovery takes place on the secpnats for a further three and a half years. At the
conclusion of this phase, the barren ore remainh®secondary pads permanently. In metal recovery,
nickel, copper, zinc and cobalt are precipitateidgidrydrogen sulphide from PLS and filtered. After
the metals are removed, the solution is purified egturned to the heaps. The resulting products,
copper-, zinc sulphides and mixed nickel cobalpkides are transported to customers. (Talvivaara
2014). The Talvivaara heap bioleaching has beecritbesl by Riekkola-Vanhanen (2010).
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CRUSI’HNG/

STAGES

Figure 8. a) Schematic diagram of the Talvivaamess from mining to metal recovery. b) Photografpthe mine site. c)
Heap stacking. Photos: Marja Riekkola-Vanhanen.

In November 2012, the gypsum pond leaked and 1libmrcubic meters of water containing metals
and sulphate were released to the mining area aisitle the area of around 240 008 fthe gypsum
pond was used as storage for too much PLS causdételbmains. The released water was neutralized
with limestone in order to reduce its acidity aagtecipitate its metal content. However, the affext

the discharge were seen as temporarily increasdel roencentrations in the nearby waters. The
recovery plant was shut down dt 4f the November and further started at 21th of éfober 2012,
after the permission from the Kainuu Centre for mimmoic Development, Transport and the
Environment. Leakage resumed in April 2013, butlibidt safety dam hindered the leakage outside the
mining area. After these leakages, safety andmakagement were improved. (Riekkola-Vanhanen
2015, personal communication).
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1.8MICROORGANISMS INVOLVED IN BIOLEACHING

1.8.1 Microbial ecology in heaps

Microbial ecology involves the study of the relaship of microorganisms to their environment and to
each other (Johnson 2001). Microorganisms growipgnmally at pH < 3 are defined acidophiles
(Norris and Johnson 1998). Mineral processing teldgies have developed extremely acidic, metal-
rich environments that are quite young when contpdoenatural occurring sites. However, metal
mining has a long history in some regions of theldvsuch as RioTinto Spain (Lopez-Archilla and
Amils 1999). This has facilitated the emergenceaoidophilic communities at these sites. These
naturally occurring communities are often more ctax@nd diverse compared to man-made reactors.
(Johnson 2001).

Iron- and sulphur-oxidizing chemolithotrophic miorganisms in the heaps are indigenous. Heaps or
dumps have rarely been inoculated. The temperanaeacidity gradients in bioleaching environments
support a wide diversity of microorganisms. Surlied the species depends on adaptability and
diversity to function in varying conditions (Brar2lD01). Temperature, pH and aeration efficiency var
creating different kind of microenvironments when&roorganisms habit. Conditions change during
the time of stacking and leaching. Heaps heat wgtduexothermic bioleaching reactions and ferric
iron concentrations tend to increase after start-up

Acidophilic microorganisms can be divided into gr®ups with respect to their growth temperatures.
As temperature increases to more than 40 °C mdsesprie displaced by the moderately thermophilic
and thermophilic microorganisms. Mesophiles havegiimum temperature around 20-40 °C. Extreme
thermophile grow optimally at temperatures highnemt 60 °C. Mesophilic acidophiles are dominantly
rod-shaped, Gram-negative eubacteria. Moderatenth@riles include archaea and eubacteria, the
majority of which being Gram-positive. In contrasttreme thermophiles are exclusively archaea.
(Johnson 1998, 2008). Thermophiles generally hayleeh growth rates and faster substrate utilization
rates than mesophiles (Brandl 2001). Metal leaclantpw temperatures has also been reported and
cold tolerant acidophiles have been identified (Ado and Tuovinen 1992). Studies of low-
temperature bioleaching microorganisms have beggorted by Johnson et al. 2001 and Hallberg et al.
2010. Psychrophiles, grow optimally at temperatuteslow 15 °C, whilst psychrotolerant
microorganisms preferentially grow at higher tenaperes but are also able to grow at temperatures
below 10 °C. Bioheaps that are located in cold samemy benefit inoculation of thermophilic
microorganisms since the temperatures inside ta@ heay reach temperatures near 90 °C. (Rawling
and Johnson 2007).

Althought microbes in leaching environments survatehigh metal concentrations and can adapt to
physico-chemical changes to some extent, therelimits to which this may occur. Product and
substrate inhibition has been discussed in Sedtib.

Most acidic environments, including surface watethe Sotkamo deposit, contain dissolved organic
carbon in low concentrations (< 20 mg)Land are therefore considered as oligotrophicayMaf the
autotrophic acidophiles are sensitive to organi¢tenaTherefore, heterotrophic acidophiles found in
leaching environments are important in consuminganic material and thereby, detoxify the local
environment. (Brandl 2001, Johnson 1998, 2008, Rskib000, Matlakowska and Sklodowska 2011).
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1.8.2 Bioleaching bacteria

Iron- and sulphur-oxidizing chemolithotrophic miorganisms are the most important mineral-
oxidizing microbes. They grow autotrophically byxifig CG, from the atmosphere and obtain their
energy by using ferrous iron (?1'93 or reduced inorganic sulphur compounds (RISCshath, as an
electron donor. (For the reviews see, Johnson 1R8®&Jings 2002).

The first bioleaching bacterighiobacillus(later Acidithiobacillug were described in acid mine waters
by Colmer and Hinkle (1947). It was long considered be the most important bioleaching
microorganisms. It can use ferrous iron, sulphut pyrite as a substrate, that were usually used in
enrichment cultures for purpose to isolate acidaphmicroorganisms. In the light of nowadays
knowledge this may select for a relatively narr@mge of acidophiles and give a false impression of
the populationn situ Besides the key players, a variety of micro-orgias are detected in bioleaching
environments. (Rawlings 2002, 2005, Brierley 20@haracteristics of most studied iron- and sulphur-
oxidizing chemolithotrops are presented in Table @2currence of them in bioleaching heaps are
listed in Table 14.
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Table 12. Characteristics of some most studied iaonl sulphur-oxidizing chemolithotrops.

Genus Species (F):/lganon Temperature pH thtcirr%gh Reference

Bacteria

Mesophiles

Acidithiobacillus  ferrooxidans Fe, S 10-37, 30-35* 1.3-4.5, 2.5* A Kelly and Wd2@DO0, Valdes et al. 2008
Acidithiobacillus  thiooxidans S 10-37, 28-30* 0.5-5.5,2.0-3.0* A Kelly and Wo2@d00

Acidithiobacillus  ferrivorans** Fe, S 4-37, 27-32* 1.9-3.4, 2.5* A Hallberg et2010

Leptospirillum ferrooxidans Fe, S <10-45, 30-37* >1.1, 1.3-2.0% A Johnson 2001a

Thermophiles

Acidithiobacillus caldus S 32-52, 45* 1.0-3.5, 2.0-2.5* A Hallberg et al 969 Kelly and Wood 2000
Leptospirillum ferriphilum Fe 30-45, 30-37* 1.4-1.8 A Coram and Rawlings 2002
Leptospirillum thermoferrooxidar ~ Fe 30-55, 45-50* >1.3,1.65-1.90* A Golovachevaletl992, Johnson 2001
Sulfobacillus acidophilus Fe, S 45-50* 2.0* A and H Norris et al. 1996

Sulfobacillus thermosulfidooxidansFe, S 28-60, 50* 1.9-3.0, 1.9-2.4* AandH Brand02, Robbins 2000

Archaea

Acidianus brierley Fe, S 45-75, 70* 1-6, 1.5-2* Aand H Huber and Stetted P20

Ferroplasma acidiphilum Fe 15-45, 35* 1.3-2.2 A/ mixotroph  Golyshina et2000

Sulfolobus acidocaldarius S 55-85, 70-75* 2-3*, 1-6 AandH Brock et al. 19Then et al. 2005
Sulfolobus metallicus Fe, S 50-75, 65* 1-4.5, 1.3-1.7* A Huber and Stetter 2001

*optimum, **psychrotolerant
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Acidithiobacillus

The first described acidophilic iron- and sulphuidizing bacterium wasAcidithiobacillus
ferrooxidans(formerly Thiobacillus Kelly and Wood 2000). For many years it was coeed to be
the most important bioleaching microorganism iniemments at 40 °C or less (for a review, see
Brierley 1982) A. ferrooxidanggrows optimally at 30-35 °C and at temperaturgeanom 10 to 37 °C.
Many bioleaching operations favér ferrooxidansat the beginning when little ferric iron is releds
This situation also prevails natural environmenk®ie leaching solutions are not circulated. However
in commercial bioleaching plants, leach solutione airculated and steady-state conditions are
achieved. Usually this results in accumulationesfit iron, which decreases the role and occurrefce
A. ferrooxidans A. ferrooxidansis able to use ferrous iron, hydrogen, citric aail sulphur as
electron donors. (Johnson Hallberg et al. 2010is facultative anaerobe, being able to grow trough
ferric iron respiration in anoxic environment (Pkaet al. 1992).

The species ofcidithiobacillus consists of many strains and it has been a questleether these
strains actually comprise different species (Nale2008, Amouric et al. 2011). In 2010 Hallbergkt
describedA. ferrivoransthat was previously considered to a cold-toleranatirs of A. ferrooxidansby
Johnson et al. 200A. ferrivoransgrows in the range of 5-37 °C (Table 12). Bothtéaa have similar
optimum temperature (Hallbergt al. 2010). Mykytczuk et al. (2010 and 2011) réga also
psychrotoleranf. ferrooxidansstrains. However, according to phylogenetic analysbelongs taA.
ferrooxidansgroup |I.

The genudcidithiobacillusincludesA. thiooxidangKelly and Wood 2000) and. caldus(Hallberg et

al. 1996a). A. thiooxidansand A. caldusare incapable of pyrite oxidation, but they cailizat the
sulphide moiety of the mineral when it is firsteased by the action of iron-oxidizing bacteria ke
ferrooxidans (Hallberg et al. 1996a)A. caldusreflects its thermotolerance with growth rate that
exceeds that oA. thiooxidansat temperatures over 30 °&. caldusdominates at temperatures around
50 °C (Norris et al. 1996).

A. ferriduranswas described in 2013 by Hedrich and Johnson.tltstrain isolated from drainage
water at a uranium mine in Japan, the pH and tesmyper optima were 2.1 and 29 °C, respectfuly.
ferriduranstolerates higher iron concentrations ti#arferrooxidansA. albertensiss the least studied
species in the genus and the affiliation remainsettain. It has an optimum growth temperature of
about 30 °C and grows between 10-35 °C, althouglerldemperatures have not been tested. (Kelly
and Wood 2000, Xia et al. 2007).

Leptospirillum

In 1972 Markosyan describéd ferrooxidangsolated from mine water of the Alaverda copperad#p

in Armenia. At least three major groups of leptafipexist (Goltsman et al. 2013).eptospirilli have
been positioned within division dflitrospira group L. ferrooxidanshas been increasingly studied
since its capacity to grow more successfully intaiercircumstances thaA. ferrooxidans(For a
review, see Rawlings et al. 1999). Leptospirille ahe primary iron-oxidizers in several industrial
continuous-flow biooxidation tanks (Coram and Rag#i 2002). The reason for this bacteria's
domination in tanks is most likely due to the fdwat the high ferric-ferrous iron ratio inhibitsher
species but nokeptospirillum L. ferrooxidanshas inhibition constant (Kof 42.8 mM, while, for
example A. ferrooxidanshas K of 3.10 mM. The growth temperature lofferrooxidanss also wider
compared toA. ferrooxidansbeing <10-45 °C and <10-37 °C fAr ferrooxidans(Kelly and Wood
2000, Johnson 2001)eptospirillum ferriphilumis a thermotolerant mesophile that dominates ik tan
bioleaching operations at 35-50 °C (Coram and Rwwsli2002). Moderately thermophilit.
thermoferrooxidangrows solely with ferrous iron but not with sulghiminerals on growth range 30-
55 °C and optimal temperature 45-50 °C (Golovacltetval. 1992, Hippe 2000). Unfortunately
thermoferrooxidanshas been lost (Coram and Rawlings 2002). Two rathew species L.
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ferrodiazotrophurh and ‘L. rubaruni have been isolated from the Richmond Mine in Car(@gaon
et al. 2005, Goltsman et al. 2009, 2013).

Sulfobacillus

The genusSulfobacillusincludes Gram-positive, endospore forming acidioptbacteria that grew
autotrophically and mixotrophically on ferrous iroon elemental sulphur in the presence of yeast
extract and heterotrophically on yeast extractgmova et al. 2006, Watling et al. 200B)e genus
was first described in 1978 by Golovacheva and ¥aka. Several species of the gerswdfobacillus
have been isolated from various mine sites and @neynostly moderately thermophilithe taxonomy
of the genusulfobacillushas suffered from incomplete description of speeied thus they taxonomy
has not been properly validated (Johnson et al. 320R005). Sb. acidophilus and Sb.
thermosulfidooxidanare acidophilic, moderately thermophilic Gram-gesirods. (Norris et al. 1996)
Optimal conditions for growth db. acidophilusare 45-50 °C and pH of 8b. thermosulfidooxidans
grows optimally at 50 °C (Brandl 2001) and at pH-2.4 (Robbins 2000). The ability d@b.
thermotoleransto form endospores is advantageous for survivabaafteria during low temperature
periods in heaps, where high seasonal variatis@nperature occurs. The optimum temperatur@hof
thermotoleransgs 40 °C and the growth range 20-60 °C (Bogdaraivel. 2006).Sb. sibiricushas an
pH optimum of 1.5, the growth range of 1.1-2.4 gl 52 °C with the unusual wide growth range of
16-62 °C (Watling et al. 2008, Melamud et al. 2003)

Alicyclobacillus

The first Alicyclobacillus was isolated in 1982 and was originally thoughtb#o strictly limited to
thermophilic and acidic environments. After thdte tgenus has gained more attention in beverage
industry due to its ability to survive commerciaspeurization processes and produce off-flavors in
fruit juices. Several strains @acillusand someSulfobacillusstrains have been reclassified to genus
Alicyclobacillus(Wisotkey et al. 1992, Karavaiko et al. 2005) utthg over 20 species in the genus.

Alicyclobacillus disulfidooxidanormerly Sb. disulfidooxidansKaravaiko et al. 2005% a mesophilic
aerobic bacterium, originally isolated from wastévasludge (Dufresne et al. 1996). The optimal pH
of growth is between 1.5 and 2.5 and the growthpeature range from 4 to 40 °C, with an optimum
at 35 °C.

Archaea

The role of archaea in the biomining community basn considered to rather scavenge the organic
material than leach minerals. As actual bioleachspgcies, the use of thermophilic archaea e.g.
Acidianus brierleyiandSulfolobus metallicuare gaining attention. (Johnson 1998, 2001).

Acidianus

Acidianus brierleyis the first discovered iron- and sulfur-oxidiziagchaea (1965). It was found from
acidic hot springs of Yellowstone National Park,AJ@rierley and Brierley 1973)A. brierleyi was
initially placed in the genuSulfolobusbut after further investigation of its metabolioperties, it was
reaffiliated to the genuacidianus(Segerer et al. 1986A. brierleyican both oxidize and reduce sulfur
depending on the availability of oxygen. It growetween 45 and 75 °C and pH from 1 to 6; optimum
growth occurs at 70 °C and pH 1.5 to 280.brierleyi grows heterotrophically on yeast extract and
autotrophically on carbon dioxide. (Segerer el 886).

Sulfolobus

The genusSulfolobuscontains microorganisms that live in acidothernilbplenvironments. Members
of this genus grow aerobically at pH range betwB8eéh and 5.8 and at high temperatures in the
presence of elemental sulphur. This genus wasirsteacidothermophilic genus of archaea described
(Brock et al. 1972). Several species have beerribdesce.g.S. metallicugNorris et al. 1996, Huber
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and Stetter 2001) and. acidocaldarius (Brock et al. 1973 and Chen et al. 2005).acidocaldarius

grows on sulphur or on a variety of simple orgatwnpoundsS. metallicus instead, is obligately
chemolithoautotrophic elemental sulphur and ferious-oxidizer.S. metallicusgrows at temperatures
of 50-75°C with a growth optimum at 65°C (Huber Stdtter 2001).

Ferroplasma

Currently three species dferroplasmaare recognizedF. acidarmanus F. acidiphilum and F.
thermophilum(Dopson et al. 2004, Golyshina et al. 2000, Okibale2003, Zhou et al. 2008). They
are extremely acidophilic, with a pH optimum bel@® grow as low as pH 0 (Dopsen al. 2004).
Usually, they grow mixotrophically on ferrous irand an organic substrate, such as yeast extrast, ev
though F. acidiphilum has the ability to grow autotrophically. The growtdmperature forF.
acidiphilumis 15-45 °C and its pH range is from 1.3 to 2.Re Dptimal temperature is 35-36 °C and
the optimal pH is 1.7. (Golyshiret al. 2000).

Heterotrophic microorganisms

Acidophilic heterotrophic microorganisms have beéwund in bioleaching operations e.g.
Pseudomonaspp.,Bacillus spp. and some fungi likeenicillium andAspergillus(Johnson et al. 2001,
Xie et al. 2007, Matlakowska and Sklodowska 201lhey are considered important for the
bioleaching activity because they remove inhibitooyganic compounds. (Matlakowska and
Sklodowska 2011). Commonly they do not directlyisisa the solubilization of metals from sulphide
mineral ores. (Johnson 1998 and 2001, MatlakowskiaSklodowska 2011plthough, they have been
reported to be able to leach metals by produciggric acids. (Burgstaller and Schinner 1993, Rezza
et al. 2001).

1.9MICROBIAL COMMUNITIES IN MINING ENVIRONMENTS

Understanding the microbial aspects of bioleacHalitates heap design and operation. Different
techniques have been developed, althought invéistig@f microorganisms inhabiting bioleaching
environments exhibits some challenges. The limitesnber of microorganisms that have been
discovered may be a consequence of the methodstaisddntify microorganimsms (Watling 2006).
Common microbiological methods based on incubateme usually not amenable to these
microorganisms. Normal agar or agarose is hardotmify at low pH and chemolithotrophs are
sensitive to organic material. The most succesgipfoach has been the use of a double-layer plating
technique with an alternative gelling agent. (Joinn995 and Okibe et al. 2003).

A breakthrough was achieved when molecular teclasiqgene libraries, DGGE, fluorescence in situ
hybridizations) could be applied for samples fromning environments. No growth of the
microorganisms are required. PCR-based technique fist used successfully with bioleaching
microbes in 1994 by Stackebrandt and Goebel. Thegstigated the bacteria present in laboratory-
scale batch and continuous-flow bioreactors trgadimixed zinc-lead ore at 35-40 °C.

The DNA approaches used in these analyses are hasth@ detection and amplification of one
specific gene, mainly 16S rRNA gene, indicating inesence of the microorganism containing that
gene (Johnson and Hallberg 2007). However, sontleeofmicroorganisms may be latent or even dead
and still retain stable DNA. Instead, experienceath vpure cultures have shown that cells with
significant ribosome content are living and metafadlly active (Schippers et al. 2005). To obtain
information on the active microorganisms, RNA-basedlysis should be performed. In recent years
important advancement has been the use of oligeatidé arrays (Yin et al. 2007, Remonsellez et al.
2009). The use of quantitative real-time PCR ispproach to quantitatively describe the community
composition (Kock and Schippers 2006, 2008; Renlmzset al. 2009). Liu et al. (2006) developed a
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SybrGreen real-time PCR assay of DNA isolated frepresentative strains éf brierleyi, Sulfolobus
spp.,Sb. thermosulfidooxidans, Sb. acidophilus, A. caldaodL. ferrooxidans Different techniques to
assess microbial community structure, function dgdamics in the bioleching environments have
been used (Table 13).

Table 13. Techniques to assess microbial commughitizture, function and dynamics in the bioleackgngironment.

TECHNIQUE Reference
Double-layer plating technique Johnson 1995
Genetic Fingerprinting Techniques:

DGGE Denaturing Grandient Gel Electrophoresis Muy899

Muyzer and Smalla 1998, Muyzer 1999,
Mikkelsen 2009

SSCP Single-Strand Conformation Polymorphism Haybsel, Battaglia-Brunet et al. 2002
RAPD Random Amplified Polymophic DNA Williams et 41990, Novo et al. 1996
ANDRA Amplified Ribosomal DNA Restriction Analysis Smit et al. 1997, Qiu et al. 2011

TGGE Temperature Grandient Gel Electrophoresis

Terminal Restriction Fragment Length

T-RFLP - Thies 2007, Bryan et al. 2005
Polymorphism
LH-PCR Lenght Heterogeneity PCR Mills et al. 2007
RISA Ribosomal Intergenic Spacer Analysis Ranjdral 2001, Espejo and Romero 1997
DNA Microarrays Gentry et al. 2006, Yin et al. 2007
Q-PCR Quantitative PCR (or real-time PCR) Heidle1996, Liu et al. 2006
FISH Fluorecence in Situ Hybridization Amann etl#l95, Bouchez et al. 2006
Microbial lipid analysis Banowetz et al. 2006, Ben-David et al. 2003
G+C Guanine plus Cytosine Content Fractionation diuis and Tjedje 1999

Microbial community structures and dynamics havenigabeen studied microorganisms in PLS.
Representative ore samples are challenging torobtathe enormous bioheaps include a huge variety
of microenvironments. Attached microorganisms aifficdlt to release from solid ore particles.
According to Remonsellez (2009), the comparisonwbeh the microbial communities in associated
mineral and solutions of industrial and laboratsaynples show enough similarity to be considered as
indicator of the community inside the heap. Comrwurstructures and dynamics of attached
microorganisms during bioleaching operation havenbstudied by Diaby et al. (2007), Zeng et al.
(2010) and by Lizama et al. (2012). Microbial dsiges in heap and dump bioleaching operations are
summarized in Table 14.

Lizama et al. (2012) studied microorganisms inne dioheapleaching plant. Two 6 m high heaps were
sampled from different dephts and at different sta@f the leaching cycle. Nine bioleaching
microorganisms were identified several times ingigd A. ferrooxidans, A. thiooxidans, A.
alberttensis, Thiomonasp, Ferroplasma acidophilum, L. ferriphilum, A. cak] Sulfobacillusp. and

Sh. thermosulfidooxidankight other microorganisms were also present, bticonsidered to have a
role in the actual bioleaching. The highest meabkteeperature was at the bottom of the heap, being
60 °C and no extreme thermophiles were found. Simgty, Leptospirillum species were almost
missing. Heaps were inoculated in the beginninghvwAt caldus and Sb. thermosulfidooxidans
However, these species did not present in bioheaflgs andA. calduswas detected only once.

Remonsellez et al. (2009) reported a quantitatascdption of the dynamics of active communities in
an industrial bioleaching heap from Escondida Mi@kijle. A. ferrooxidanswas the most abundant
during the first part of the leaching cycle, whitee abundance df. ferriphilum and Ferroplasma

acidiphilum increased with the age of the hedp. thiooxidansremained constant throughout the
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leaching cycle and Firmicutes group showed a lod @attchy distribution in the heap. By prokaryotic
acidophile microarray (PAM) Alphaproteobacteria &éound in all samples ar8ulfobacillusgenus

in older samples. Actinobacteria and Acidobactevere also detected by PAMA. ferrooxidans
phylotypes reached its highest abundance when plesavere over 2 and the ferric and total iron
concentrations were less than 1.2'glleptospirillumspecies reached their highest abundance when
the pH was below 2 and high ferric ion concentratioevailed. The tolerance to high redox potential
and ferric ion concentration (Rawlings et al. 1988yuld be the reason for their dominance as also
described previously (Demergasso et al. 2005). piesence of archaea likEhermoplasmaand
Ferroplasmahas been related to high amount of total iron kwd pH values. (Remonsellez et al.
2009, Xiao et al2008).
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Table 14. Microbial diversities in large-scale t®ap operations.

. A L. . Acidiphilium  Sulfobacillus A'. calqlus/ Ferroplasma Nqn-bioleaghing
Heap type Location férrooxidans ferrooxidans/ S S thiooxidang/ S microorganisms or Reference
ferriphilum Pp- Pp- alberttensis Pp- unknow species
Chalcopyrite . Goebel and
overburden Australia X X X X Stackebrandt 1994
Copper
sulphide/ Southwest X X X Bruhn et al. 1999
X USA
oxide dump
Eg:}ljcocne Australia X X X X Proteobacteria Hawkes et al. 2006
. Firmicutes
Low-grade  Chile, ST
Cu sulphide Escondida X X X X X Aq|d|ph||um_||ke, Remonsellez et al.
- Alicyclobacillus 2009
heap Mine
spp.
Low-grade  Chile,
Cu sulphide Escondida X X X X Chren_archaeota, Demergasso et al.
- Sulfurisphaeraspp. 2005
test heap Mine
Copper . .
leaching Chllg, Lo X X X Several Espejo and Romero
Aguirre 1997
plant
Copper and China,
~~OPPE Tong X X X Several Xie et al. 2007
iron bioheap
Shankou
China,
Ir_neif]tg-Zn Yinshan X X X X Several He et al. 2008
mine
Copper mine ghlna,_ X X X X Several Xiao et al. 2008
ongxiang
Zinc USA
sulphide y X X X X X Several Lizama et al. 2012
- Alaska
bioheap
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2. AIMS OF THE PRESENT WORK

Biohydrometallurgy enables the use of low-graderessurces to recover valuable metals. Bioleaching
is based on activity of a wide variety of mesoph#ind thermophilic iron- and sulphur- oxidizing
microorganisms. Bioleaching technology is site-gpeand technology needs to be developed,
including laboratory tests complemented with derntraion plant. Full-scale heap leaching depends on
the amenability of ore resources for bioleachihg, ¢nvironmental conditions, the amenability of the
leach liquors to metal extraction and finally theeall economic and environmental analysis of the
process.

Bioleaching of a&complex Finnish multimetal black schist ore wasl&d. The diversity and dynamics
of the bioleaching communities were studied overetiin different experimental and demonstration
systems. The specific aims of this study were Hgvis:

- To assess the effects of pH and leaching temperatuthe dissolution of valuable metals.

- To reveal the microbial community diversity and elepment at different pH values and
temperatures.

- To monitor the microbial community composition dgmas during a demonstration-scale
bioheap over a period of three years.
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3. MATERIALS AND METHODS

3.1SOURCE OF MICROORGANISMS FOR COLUMN LEACHING EXPERI MENTS

The enrichment culture used for the inoculatiothef bioleaching columns was obtained by combining
several acidic (pH 4.5-6.9) water samples from 8wkamo ore deposit. The cultures were first
enriched in shake flasks at 25 °C on three difteaidic media. All the media contained basal salts
[0.4 g L* each KHPQy, (NH4)>S0s, MgSQy- 7 H:0], supplemented with either ferrous iron (4.5,L
elemental sulphur (1 % wt Vb or black schist ore powder (1 % wt Vplfrom the Sotkamo deposit.
Basal salts were diluted with the surface wategioaiting from the deposit (containing about 20 g L
dissolved organic matter, pH 6.9) and solutionsewadjusted to pH 1.8 with sulfuric acid. After
inoculation (10 % vol vét), the suspensions were incubated in orbital sisa&erl80 rpm at 25 °C.
After one month of incubation the enrichments aq@$uwere combined to a medium containing basal
salts, ferrous iron (4.5 g1), sulphur (1 % wt vol) and black schist ore powder (1 % wt Yol The
enrichment culture was subcultured three times whie medium prior transfer to the bioleaching
columns. Microbial growth in media was monitoredghase contrast microscopy (Zeiss Axioskop 2).

3.2BIOLEACHING COLUMN EXPERIMENTS

Seven columns at different target pH values (16, 25 and 3.0 at 2C) and temperature (C, RT,
35°C, 50°C at pH 2.5) values containing about 9 kg of aggmated ore were set up and inoculated
(Papers | and Il). For attempting to increase ibé&hbching rate at 50 °C, the column was re-indedla
with a Sulfolobusculture (Salo-Zieman et al. 2006) on day 65.

The mineral composition of the sulphide ore was2 @4 pyrrhotite [(Fe-)(Sz), where X = 0.7-0.9],
24.3 % pyrite (FeS), 5 % pentlandite [(Fe,Ni§3g), 6.5 % alabandite (MnS), 2.4 % chalcopyrite
(CuFe$S) and 1% sphalerite [(Zn,Fe)S]. Valuable metal eotd were as follows: 0.27 % Ni, 0.56 %
Zn, 0.14 % Cu and 0.02 % Co (for detailed desaipsee Riekkola-Vanhanen 2007). Si-containing
minerals are anorthite (CaMi,Og), biotite (K(Mg,Fe)[AlSizO10(OH,F)]), microline (KAISiOg),
phlogopite [KMg(SisAl)O1o(F,OH),], plagioclase [(Na,Ca)(Si,AlDs] and quartz (Sig). The total
amount of SiQ of the ore was 42 % (w¥. (Bhatti et al. 2012b).

The columns had a volume of 7.9 L, a height of &@0and an inner diameter of 10 cm. The column at
7 °C was placed in a refridgerator and had a volafr&7 L, a height of 85 cm and an inner diameter
of 10 cm. The leach liquor containers had a volain® L and were provided with magnetic stirrers. In
order to maintain temperatures at 35 °C and 5QH€ columns were equipped with a water jacket
connected to a heating thermostat. The solutiortatmer at 35 °C had a heating fabric and the
container at 50 °C was placed in a water bath. opated plate and a filter cloth were insertedhat
bottom of each column. Aeration was provided thfoagliffuser inserted at the base of the column at
the rate of (8-11) mm?h’. Ore was irrigated at a rate of 10 L>r* by liquid recirculation. A
titration apparatus connected to a PC was usedritvat the pH. Glass beads with a total bulk-volume
of 270 ml were placed in the upper part of the cwiuo enable even distribution of the leach liquor.
paraffin paper was set on the top of each columpréwent evaporation. A schematic diagram of a
bioleaching column (not drawn to scale) is giveifrigure 9 and a photo in Figure 10.

Once the nickel concentration reached 2.50"gn_the leach liquor was replaced with fresh ligiror
order to decrease possible toxic effects of mefsiter 110 and 140 days at pH 1.5, Ni concentration
of PLS exceeded 2.5 g'land on both times 1 L was replaced with fresh smiutAt pH 2.0 that was
done after 237 days. Columns at pH 2.0 (a8ted) pH 2.5 (RT) and 35 °C (after 117d) were blocked
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at the bottom during the bioleaching. The ore wasqu back to the columns and the experiment was
continued. Surprisingly, in each column, about 260gre did not fit back to the column. The mixed
sulphur- and iron-oxidizing culture was drawn fréine recirculation solution at 7 °C and used in the
experiments where the feoxidation rate and optimum temperature were detexth over a
temperature range of 2-40 °C (Paper llI).

"""""""""""""""" Glass beac

Ore

Water jacket

Filter clott

Perforated pla
| Aeratior

o]

Solution container

PC | | Titrator

™~ Heating body

Magnetic stirrer

Figure 9. A schematic diagram of a bioleaching soiynot drawn to scale).

T7 pH1.5 pH2.0 pH2.5 pH3.0 RT 135 T50

Figure 10. Photograph of the bioleaching columreglus Papers I-IV.
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3.3DEMONSTRATION-SCALE BIOHEAP

In the summer of 2005, a 17 000 t demonstrationtphsas constructed at the Sotkamo mine site by
Talvivaara Mining Company. A representative ore gl@mwas mined, crushed to 80 % -8 mm,
agglomerated and stacked in a two-part heap (8gm, 130 x 120 m). Heap 1 was agglomerated with
sulphuric acid solution (pH 1.8) including inoculu(Paper V). Heap 2 was agglomerated with
sulphuric acid solution only. Irrigation water weken from the drilled well on the area (pH 6) and
irrigation of the heaps was started in August 20D irrigation flow rate was 10 L h™ in the
beginning on Heap 1 and 20 L7h™ on Heap 2. Irrigation was decreased later to 51hthon both
heaps. The mineral composition of the sulphides] usethe demonstration-scale bioheaps was as
described in Chapter 1.7.

Leach liquors were collected by subsurface dra@ievb the heaps and directed to manholes. From the
manholes liquors flowed to PLS ponds and back tmation. Both heaps had separate liquid
circulations. The operational volumes of ponds d arwere 175 rhand 136 m, respectively. Heaps
were 8 m high, 30 m wide and 60 m long. The amafitihe ore of Heap 1 and 2 were 10 255t and 6
703 t, respectively. Figure 11 shows the sampliomtp (manhole 1 and 2, pond 1 and 2) with the
direction of the liquid flow in tubes marked withr@aws.

Heap 1 Heap 2

—> 4—
Manhole 1 Q Q Manhole 2

Pond 2
V=136 nt

Figure 11. Schematic diagram of the sampling paifitthe demonstration-scale bioheaps with the tdoroof the liquid
flow marked with arrows.

Ten percent side stream of the leach liquor wasimoously removed for metal recovery and replaced
with surface water. After the start-up of irrigatjahe oxidation of pyrrhotite and pyrite increasbe
heap temperature up to 90 °C. Heaps were covettbdpleistic lining to minimize evaporation and to
prevent pipelines from freezing during winter tirheach liquor temperatures remained always above
15 °C during the operation period, even duringkibeeal winter. Figure 12 presents three photograps
of the bioheaps. The description of demonstrataies bioheap is provided by Riekkola-Vanhanen
2007.
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a) b)

&

Figure 12. Photographs of demonstration-scale bisha) Top of the heap covered with the plastinginb) Side view of
the heap. c) Pond of the leach liquors. Photossi Kiiaatté.

Secondary bioheaps

After 18 months of demonstration-scale heap opmrgfrebruary 2007), the heaps were reclaimed and

restacked to the secondary bioheap. In secondafy inégation rate was 2 L ah™. No aeration was
provided.
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3.4ANALYTICAL TECHNIQUES

The frequency of analyses used laboratory-scalemus tests was as summarised in the Table 15. The
modified most probable number (MPN) technique scdéed in Paper |.

Table 15. Summary of the analyses used in the study

Physicochemical Method Interval Reference

pH Electrode Continuously Papers I-V
Redox potential Electrode (mV A@gCl) Once a day Papers I-V
Dissolved Oxygen Electrode Once a week Papers I-V
Temperature Digital thermometer Once a day Pap¥rs |
Fe* AAS or ICP-AES Once a week Anon. 1992
Total Fe AAS or ICP-AES Once a week SFS 19804, b
Ni, Zn, Cu, Co, AAS or ICP-AES Once a week SFS H&0
Al, Ca, Mg, Mn, Si AAS or ICP-AES Once a month Bepl-V
Id_entification of XRD At the time of column Paper IV
minerals blockage

Microbial analyses

Enumeration DAPI, MPN-Fe Once a month Papers NS 4447
Dlver_s_lty z_:md PCR, DGGE’ 165 rRNA Once a month Muyzer et al. 1996
identification sequencing

The following computer programs were used in theraftial community profiling: BLAST (Altshul et
al. 1990), BioEdit (www.mbio.ncsu.edu/BioEdit/bigeldtml) and phylogenetic analyse (Dereeper et
al. 2008 and 2010).

3.4.1 Microbial community analysis

Microbial communities were investigated by DNA extiion and Polymerase Chain Reaction (PCR) -
Denaturing Gradient Gel Electrophoresis (DGGE)lofged by partial sequencing of 16S rRNA gene.
For DNA extraction, a 15-20 mL sample was filter&te filters were rinsed with NaCl at pH 1.8 to
remove the excess metals and then neutralizedN@itBEDTA. The filters were stored at -20 °C prior to
nucleic acid extraction. DNA was extracted fromsaerwed filter samples with a DNA isolation Kkit.
The crude DNA was used as a template for PCR.&P4BS rRNA genes (550 bp) were amplified. The
PCR products were checked with agarose gel eldaregis prior to DGGE. Archaea were
characterised using nested PCR approach

DGGE was performed with the INGENYphorU2x2-systelimgény International BV, The Nether-
lands) as describad Paper I. The denaturing gradient range firstifrtO to 80 % and after from 40 to
70 %. Individualbands were excised from the gel, eluted and tteadsat -20C. PCR was performed
from aliquots (1-2.L) of the eluate. Before being sequenced, each pG&uct was run in an agarose
gel to confirm the size and the concentration & pmoduct. The PCR products were purified and
sequenced at the DNA Sequencing Facility, InstitoteBiotechnology, Helsinki University. To
identify the microorganisms, the sequence datacmagpared with 16S rRNA gene sequences in the
GenBank database using the basic local alignmantiseool (BLAST Altschul et al. 199)

The ore samples (15 g each) were taken accorditiggtBinnish standard SFS-EN 932Ah¢n. 1997.
The sample was mixed with the washing solutionestidbed in Paper |. The mixture was shaken and
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sonicated 5x1 min in order to detach microorganimms ore particles. Thereafter, the sample was
allowed to settle. Supernatant (15-20 ml) wasriitefor DNA extraction. Microbial numbers were
counted from supernatant in order to estimate theumt of attached cells. If no respectable PCR
product was gained, a nested PCR approach was (iRBaukr 1). Otherwise the method was same as
with PLS samples. Figure 13 summarizes the miclamimmunity profiling procedure.

— Gradient gel

=t

e
] .
— —— electrophoresis
T—

Ore sample * *
Fragments are

Microorganisms are cut out from

detached by ‘ the gel.
washing h w U l &

l The DNA are eluated
and amplificated
Liquid sample or | m “ with PCR without GC-
supernatant from { i ; clamp.
washed ore l ] l }
U l
The products are
Community DNA m=- == checked again with
extraction - agarose gel
L electrophoresis to
: confirm the size and
Total DNA concentration.
Polymerase chain \L l/ The samples are
reaction AACTGGGCA purified and
sequenced.

Partial 16S rRNA —
genes with GC clamp

The yield of PCR
products are checked
using agarose gel
electrophoresis

Figure 13. Analysis of the microbial diversity bktore samples or PLS by denaturing gradient getrelphoresis (DGGE)
and polymerase chain reaction (PCR) - amplified (FISA genes.
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4. RESULTS AND DISCUSSION

4.1SOLUBILISATION OF METALS FROM LOW-GRADE ORE

Starting from the early studies by Puhakka and inesv(1986a, b, c), several laboratories havedeste
the amenability of the ore to bioleaching (Niemed&l. 1994, Riekkola-Vanhanen and Heimala 1999,
Wakeman et al. 2008, this study and Bhatti et @02 2012a, b). The results from the studies are
summarized in Table 17 and 18. The effect of d#férfactors such as pH, particle size, pulp density

bioleaching method, nutrient additions and tempeeathas been tested with different acidophilic

inocula.

In the present study seven columns with differdatgd the PLS (1.5, 2.0, 2.5 and 3.0, at 21 °C) and
different temperatures (7, 21, 35 and 50 °C, a2 were set up. The actual pH of the PLS aftér 14

days were 0.1-0.5 units over the target valuesites$ipe continuous titration. Metal dissolution of

valuable metals during the bioleaching experimemtifierent target pH values are presented in Egur

14,

Ni %

0 100 200 300 400 500 0 100 200 300 400 500
Time (d) Time (d)

O T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Time (d) Time (d)

| —+—pH 15— pH 2.0 —e—pH 2.5 ——pH 3.4

Figure 14. Dissolution of valuable metals during #xperiment of column bioleaching of the ore #fedént target pH
values at 2PC. (Paper ).

The pH was the most significant factor affectinge thissolution of nickel and zindNickel
solubilization was 3.3 times faster at pH 1.5 tlampH 3.0. The leaching rates for nickel, after 140
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days of bioleaching were 0.42, 0.29, 0.19, 0.1\ ™, corresponding target pH values 1.5, 2.0, 2.5
and 3.0, respectively. The metal leaching ratepersented in Figure 15.

0.5 0.2

>\

(o=
N
1

Rate (% d)
o
[Se]
Il
Rate (% d)
(=)
L
\ ™

N s —— M

00 T T P 9 00 T T T T T
1.0 15 2.0 25 3.0 0 1020 30 40 50 60

pH Temperature (°C )

——Ni —+—7n - Cu —Co

Figure 15. Metal leaching rates of the ore at tapd¢ values 1.5, 2.0, 2.5 and 3.0 at 21 °C (Pdpend at temperatures
between 7 and 50 °C at pH 2.5 (Paper Il), calcdlafter 140 days.

After 140 days at pH 1.5, the extracted metal ratee 59 % for Ni, 52 % for Zn, 13 % for Cu and 16
% for Co. After 230 days of bioleaching, the exti@t of nickel at pH 2.0 reached nearly the same
yield % as at pH 1.5, with no significant dissabatithereafter. The maximum yields are presented in
Table 16. At pH 2.5 and 3.0 no further extractibmetals occurred after 150 days. That was probably
due to the formed precipitates. Brown precipitateseased from pH 1.5 to pH 3.0 on the surfaces of
the ore.

Table 16. The maximum metal yields of Talvivaarenptex
multimetal black schist ore at different target ydues at 21 °C
and at temperatures between 7 and 50 °C at pH 2.5.

Max yield (%)

pH Time (d) Ni Zn Cu Co
15 14C 59 52 13 16
2.0 230 54 37 13 12
25 153 26 18 0.5 6
3.0 140 15 10 0.5 6
T (°C)

7 496 24 17 2 6
21 153 26 18 0.5 6

35 140 22 12 0.3 3.5
50 140 18 11 0 2
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Similar bioleaching behavior was seen in the stwidghatti et al. (2012a and b). The dissolvedhid

Zn decreased with increasing pH. But in contrasbuo study, the reverse pH effect was seen in the
bioleaching of Cu. Cu concentrations were lowepkatl.5 than at higher pH values. They suggest that
is due to the passivation that is caused to eleahsuatfur accumulation of chalcopyrite surfaces.

At all temperatures, the dissolution of nickel veawilar over the first 90 days. Following that ek

the highest bioleaching of valuable metals took@lat 21 °C. Decrease in leaching rates, espeaially
temperatures of 35 and 50 °C, may have been dtieettack of dissolved ferric iron serving as a
leaching agent, or barriers created by precipitddesthe other hand, Riekkola-Vanhanen and Heimala
(1999) have concluded that the iron precipitaticch bt interfere bioleaching of a black schist ore.
Brown precipitates were observed to accumulatehersturfaces of the ore material in columns from 7
°C to 50 °C. Additionally, bright yellow precipitst were formed indicating elemental sulfur or Na-
jarositeaccumulation at 7 °C and 21 °C as in the studyhafn&n and Tuovinen 1990. Bioleaching at 7
°C continued until 500 days, while the maximum ggeat other temperatures were achieved near 150
days of bioleaching.

30

0 100 200 300 400 500 0 100 200 300 400 500
Titme (d) Time (d)

Cu %
Co %
S

0.5 4

0.0

T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Time (d) Time (d)

——T21 8—T7 ——T35 —T50

Figure 16. Dissolution of valuable metals during &xperiment of column bioleaching of the ore atgeratures between 7
and 50 °C at target pH 2.5 (Paper I).

In bioheaps gradients of pH and temperatures avayal formed. Thus, the bioleaching rates will
change at different parts of the heap.
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Table 17. Summary of the studies done with theiVaara complex multimetal black schist ore. RT -oRdaemperature.

; ; Yield %
. . T Suspension Leaching
Reference Method Particle size (°C) pH or amount time (d) Ni 70 Cu Co
Puhakka and o RT 2.0+ 20% (1 500 ml) 76 53 50 39 57
Tuovinen 1986a /erated column - 90%-200 mesh  or 50 3094 (1 500 mi) 97 8L 55 27 30
ii?ﬁ:;f flasks 90%-200 mesh 28 50 g Lt 28 100 100 30 57
Puhakka and ercolation 50%- 16 mesh 23 3.0 800 g / 800 ml 180 100 78 18 30
Tuovinen 1986b iirlift reactor 90%-200 mesh 23 ' 100 g /1 000 ml 100 >84 >91 31-39 65-79
90%-200 mesh 23 100 g /1 000 ml 90 o
Aerated column
100 78 18 47
Percolation o 22 14 2 9
?32&';';?}%%6(: system 2010 mesh 25 30° 800g/800 ml ;':;fr 31 19 2 11
(see Table 18) 28 19 1 10
44 25 8 18
Niemela et al. 30 or N o 1
1994 Shake flask 0-59 um 35 15 5 % wt vol 10 or 15 Not measured
Examined the influence of inorganic nitrogen andgghate on bioleaching.
Phosphate, ammonium or nitrate amendment did rfatrere F& oxidation.
RT 1.5 59 52 13 16
RT 2.0 41 31 7 8
RT 25 26 18 0.6 6
Aerated column, RT 3.0 15 10 05 6
Paper -V inoculated <8mm 7 25 kg 140 17 9 04 3
21 25 26 18 06 6
35 25 22 12 02 2
50 2.5 18 11 14 5

* not controlled thereafter
** additional ore added

Continues on the next pa
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Continued from the previous page.

; ; Yield
. . T Suspension Leaching
Reference Method Particle size (°C) pH or amount time (d) Ni 7n Cu Co
Wakeman et al Shake flask 0-2 mm 50g/ 500ml 6 weeks 80 68 20
2008 " column bioreactor 2-6.5 mm 37 2.0 3kg 40 weeks 22 8 0 nm
column bioreactor 6.5-12 mm 3 kg 40 weeks 8 7 0
Bhatti et al L5 5
2012a ' Shake flask 0-59 um 22 and 9 30d 20-30 20-30 40-60 80
over

* not controlled thereaft, nm= not measure
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4.2LEACHING OF NON-VALUABLE MINERALS AND pH CONTROL

Dissolution of aluminum, calcium, magnesium, mareg@nand silicon was highest at pH 1.5. After 50
days of bioleaching, the leach liquor at pH 1.5amee viscous and difficult to filter trough the 048
pore size membrane filter and indicated possibtgblems for heap leaching. After 110 days the Si
concentration peaked 2.96 ¢ land with the formation of jelly with prevented miemane filtration
(Table 18). However, dissolved Si did not influertbe solubilization of valuable metals. After 140
days, the dissolved concentrations Si were 1 730, 881 and 152 mgtat pH values 1.5, 2.0, 2.5
and 3.0, respectively. The study showed that theopkhe PLS needs to be maintained over 1.5 to
prevent jelly formation and problems in downstrepmcessing. Temperature did not significantly
affect the silicate leaching at pH 2.5. At all teergtures, leach liquors became saturated with lgesgo
calcium and manganese during the first 100 dayghmualuminium concentration rose linearly over
this periodThe figures of aluminum, calcium, magnesium, maeganand silicon concentrations in
leach liquors during the bioleaching at differeht yalues and temperatures are presented in Papers |
and Il

Leaching at low pH values resulted increased asigsemption, being after 140 days 160, 38, 8 and 3
H.SO, g kg* ore at pH 1.5, 2.0, 2.5 and 3.0, respectively. femmture, at pH 2.5, had also effect on
acid consumption. At 50 °C acid consumption wasésg) and lowest at 21 °C, being 29 an8®ig
kg™ ore, respectively. In the study of Ahonen and Toewn (1995), the acid consumption of the black
schist ore from Keretti mine Finland, was at pH arbund 50 KSQ, g kg* ore after same time of
column bioleaching. In their study, the acid praduttook place after beginning, but the net preces
remained acid consuming. Acid consumption depemdthe amount of gangue minerals and activity
of sulphur oxidizers. If minerals dissolve comphgtethey will consume more acid than during
weathering. Complete dissolution is likely to ocetrpH values lower than 2. At higher pH values,
clay minerals, that are expansible, are likely fedm (Jansen and Taylor 2014After column
blockages, (pH 2.0 and pH 2.5 after 82d, and 3&ft€ 117d) about 200g of the ore did not fit bawk
each of the column. Blockages are easily managé&buoratory conditions, but in real heaps, it cause
severe problems in aeration, irrigation and ovdralheap operation.

The study of Bhatti et al. (2012a and b), with fhalvivaara ore, at pH 1.5, mica was mostly

solubilized. If the leaching solution was not pHhtroled, mica was converted to vermiculite. Gypsum
was present most extensively at pH 1.5 than atehnigiils, presumably due to higher sulphate levels
and extensive dissolution of Ca-containing phasesching of Si and Al were almost an inverse

function of pH as in our study. They suggested grabably it was only one type of silicate that was
the source of Si and Al. In their study, at pH esuof 3.3 and 3.4, the dissolved Si and Al

concentrations were 5-7 times lower than at pH Ih.Bur study, the concentrations were over 20gime

lower at pH 3.0 than at 1.5. They suggested that gioton attack caused the massive silicate
dissolution. Protons were from sulphuric acid aduced by sulphur oxidation.
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Table 18. Silicate mineral studies done with thiviVaara complex multimetal black schist ore.

. . T Suspension Leaching . 1 1
Reference Method Particle size (°C) p or amount time (d) Si(mg L™) Al (mgL™)
RT 1.5 1730 10 300
RT 20 811 4210
RT 25 181 Zg‘?‘r
Aerated column, RT 3.0 152
Paper IV inoculated <8mm 7 25 9kg 140 212 979
21 2.5 181 704
35 2.5 183 842
50 2.5 164 1160
Bhatti etal. Shake flask, 0-59 um 22 ~15 5 30 ~800 ~800- 1000
2012b inoculated H 22 23 9 ~700 ~800
Bhatti etal. Shake flask, not 0-59 um 22 ~15 5 30 ~600-800 ~800- 1000
2012b inoculated H 22 34 9 ~200 ~100
Al,05 (mg LY
Puhakka and
. RT 2.0* 20% (1 500 ml) 76 ~2 200
0/ -
Tuovinen Aerated column 90%-200 mesh RT 20¢  30%(1L500ml) 97 ~1 000
1986a
Puhakka and Shake flasks 90%-200 mesh 28 50 g L* 28 >600
Tuovinen Air-lift percolation  50%- 16 mesh 23 3.0 800 g /800 ml 180 >2 000
1986b Airlift reactor 90%-200 mesh 23 ' 100g/1 000 ml 100 >2 000
Aerated column 90%-200 mesh 23 100g/1000ml 90 >3 200
~650 continuous recirculation, ore material was notdled
Puhqkka and . " ~300 2h d? recirculation, ore material was flooded
Tuovinen Percolation system <1 mm RT 3.0 800g/800ml 186 h d recirculati ial flooded
1986¢ ~250 8 d” recircu atlo‘n, ore materla was floode
~550 continuous recirculation, ore material was flooded

* not controlled thereafter
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4.3FERROUS IRON OXIDATION AND REDOX POTENTIALS

The redox potentials in the column leach liquorptdtvalues between 1.5 and 3.0 varied between 515-
580 mV (Pt electrode against an%&pCl reference), being highest at pH 2.0 and IdveespH 1.5.
The concentrations of ferric and total dissolvednirincreased with the decrease in pH. The
concentration of dissolved ferrous and ferric iremained low throughout the experiment at pH 3.0
due to the precipitations. Figures of redox potdstand the concentrations of total dissolved and
ferrous ion in leach liquors at different pH valwee presented in Paper I. Also, Ahonen and Tuovine
(1995) and Nemati et al. (1998) have reported géxé amounts of ferric iron in leach liquors above
pH 2.5. The results demonstrated that highest myeghls are achieved at low pH values at high redox
conditions where ferric iron remains in solutioas, also reported earlier by Ahonen and Tuovinen
(1995).

At 7 °C the redox increased during the first twonthe and reflected the start of ferrous iron oxatat
and microbial activity. The leach liquor redox putal stabilized to 500-600 mV at 7 °C and at 21 °C
whereas at 35 °C and at 50 °C it varied betweer5800mV. According to Brierley (2003) the
thermophilic bacteria require greater concentratiohferrous iron which results in a higher ferroas
ferric iron ratio and low redox potential. Figurafsthe redox potentials and the concentration®tal t
dissolved iron and ferrous iron, in leach liquowsidg the bioleaching of the ore, at different pddues
and temperatures, are presented in Paper | anaw.redox conditions reflect high FéFe®" ratio
(Ahonen and Tuovinen 1992, Brierley 2003). In thedg of Ahonen and Tuovinen the lag period at 4
°C was 110 days. In our study, after 60 days dEhithing, total iron and kgFe’* ratio was higher in
the 7 °C column leach liquor than at other tempeest where ferrous iron concentration was
approximately 50 mg t and Fe, approximately 700 mgLt. Ferric iron remained in solution at 7 °C.
The decreased ferric iron precipitation at low tenapures has been previously observed (Leduc et al.
1993). At 50 °C, all dissolved iron was in ferrdaam indicating that iron oxidation and precipitati
happened at the same time or there weren’'t enoagheairon-oxidizers. Probably therefore, the
leaching rates of valuable metals were low. Alage tb lower solubility of oxygen and carbon at high
temperatures, the gas-liquid transfer limitationlddhave negative impact on bioleaching efficiency.

Higher redox potentials, 800 mV, have been achievi#d shake flask experiments with fine-grain ore
and metal yields have been significantly higheuh@kka and Tuovinen 1986a, b and c, Wakeman et
al. 2008). Shake flask experiments simulate maaetoe leaching than conditions in heap leaching.

4.4 MICROBIAL COMMUNITY OF BIOLEACHING COLUMNS

Cell counts

Bioleaching columns were inoculated as describdéaiper I. Cell counts from the study are presented
in Table 19. At 7 °C leach liquor the total cou(t®-10° cells mLY) were significantly higher than at
other temperatures (300’ cells mLY). In pilot-scale bioheap the cell counts were dme extent
lower (10 cells mL*, Table 20). In the study of Wakeman et al. (20@8) count in leach liquors were

in average 1810 cell mL™ after 40 weeks of bioleaching.

The cell counts decreased slightly in all leachudie during the leaching. This was likely due to
attachment of cells to the agglomerated ore antdleédormed precipitates. Increasing attachment with
incubation time of the acidophilic bacterial celbspyrite ore and ferric hydroxysulphates was shown
by Ghauri et al. (2007) though the attachmenAoferrooxidanswvas slower than the attachment.of
ferrooxidans The cell numbers of ferrous iron-oxidizers inuwroh leach liquors, determined by MPN-
Fe, were nearly the same than the total cell cdetgrmined by 4’,6-diamidino-2-phenylindole (DAPI)

- method. In leach residues the amount of totdlamints were 10than that of ferrous iron oxidizers.
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At pH 3 and temperature of 50 °C the difference ®@s That probably reflects to high ferrous iron
concentration and low leaching rates.

Total cell counts in the leach residues at pH colsiat room temperature were about délls g oré.

At 7, 35 and 50 °C the total cell counts of thekeeesidues were 3.4-8a.1-10 and 8.7-1®cells ore
g™. In the study of Bruhn et al. (1999), cell numbeasied from 0-18cell ore g in the mixed copper
oxide/sulfide dump leach operation. The decreaseduat of cell counts at 50 °C is in line with
leaching rates. In the study of Ahonen and Tuovifi€92), the column leaching expreriment at 46 °C
was discontinued due to the lack of bacterial #gtivt might be that cultures derived from boreali
conditions are not active in thermophilic condiBor\fter re-inoculation (day 65) with a thermopili
Sulfolobusculture, leaching at 50 °C accelerated but slod@dn soon.Sulfolobuswas detected on
both times when archaea were analysed with DGG& aétinoculation day. It was also present at
room temperature and at 35 °C. Columns might haea transmitted or the ore or inoculum contained
anotherSulfolobusstrain.

Table 19. Total cell counts as an average from the
columns during the bioleaching of the ore at défer
target pH values at 21 °C and at temperatures batwe
7 and 50 °C at pH 2.5.

COLUMNS
pH PLS Leach
average stdev residue
15 3.0x10 5.4x10 1.5x 16
2.0 47x10 5.1x10 8.4 x 10
25 40x16 4.6x106 2.3x16
3.0 53x16 3.1x10 1.2x 16
T (°C)
7 36x1¢ 2.0x16 3.9x16
21 40x16 4.6x10 2.3x16
35 76x16 3.0x16 1.1x 10
50 43x16 24x16 8.7x16

Table 20. Total cell counts as an average the-pdate bioheap during the bioleaching. MH = Mareh& = Pond,
IR = Irrigation, stdev = standard deviation. Saragtem ponds were taken from primary heaps, irrigasamples from
secondary pilot-scale bioheaps.

PILOT

Primary heaps Secondary heaps Ore Samples Depth

PLS average stdev average stdev T (°C) (m) average

MH1 8.1x168 40x16 8.1x16 2.0x16§ 80-90 1-2 7.8 x 10
MH2 81x16 26x16 1.7 x 10 3.2x10 80-90 3-4 9.1x10
P1 1.1x16 87x16 65-75 1-2 25x 1o
P2 48x16 33x16 65-75 4-5 1.5x 10
IR1 2.7x16 2.1x16 20-35 0-1 1.9 x 10
IR2 8.0x 16 7.1x16 20-35 4-5 9.7 x 10
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4.5COMPOSITION AND DYNAMICS OF MICROBIAL COMMUNITIES

Studies done with the black schist ore harbourdolerse microbial population that consisted of well

known acidophilic microorganisms, and a few spethas are not closely related to existing GenBank
sequences, and may possibly be novel species €iglx Microorganisms that were present in the
columns or in the pilot-scale bioheap applicatiasrethan two times are presented in Table 21 and 22
Microorganisms that were detected only in the haigigy or occasionally only one or two times are not
presented. The study shows that they are not hhédwe-oxidizers in this bioheap application.

After the data of this study was published (20@0#@h new species of Acidithiobacilli were described,
A. ferrivorans(Hallberg et al. 2010) and. ferridurans(Hedrich and Johnson 2013). Genetically these
species are very near each other. The 16S rRNA ggmeences of the bands that corresponded 99% of
A. ferrooxidansAP310 PQ35518)were identified again in 2015 using the basic laignment search
tool (BLAST). The 16S rRNA gene sequenceshofferrooxidansat temperatures of 7 and 21 °C
corresponded 99% a&. ferrivoransSS3 (CP002985). One of the 16S rRNA gene sequences of
ferroxidansstrains at 35 °C corresponded 99%AaserriduransATCC 3302 (NR_117036). At 50 °C,

no properA. ferroxidansl6S rRNA gene sequences were gained. The presédcderroxidansat 50

°C was concluded based on the fact that the DG®H bas in the same place as the other bands of
ferrooxidans

The 16S rRNA gene sequencesAaidithiobacillus ferrooxidanstrains in pH between 1.5 and 3.0, at
21 °C, corresponded also 99%/AaderrivoransSS3 (CP002985). The pH range for growth is reported
to be 1.9-3.4 (Hallberg et al. 2010). In the ligiitincreased knowledge, these species cannot be
separated with the denaturing gradient from 4008 That were used in the DGGE. ferrooxidangA.
ferrivoransandA. ferriduransare able to oxidize both iron and sulphur compasund

Mixed cultures are often more effective in accdlagametal dissolution than pure cultures (Okibd an
Johnson 2004). Community changes seem to be refatégnamics of the main substrate such as
ferrous iron availability. The most prominent miorganisms in communities were
GammaproteobacteriaA( ferrivorans/ A. ferrooxidansaand A. caldu$ and member of phylym
Nitrospira L. ferrooxidan. There is no conclusive explanation whythiooxidansdisappeared after
beginning from the column leach liquors. The shiit predominance ofAcidithiobacillus to
Leptospirillumcoincides with decreasing concentrations of fegrioon in the leach liquor. Leptospirilli
were not detected at 7 °C.

Temperature gradient incubation revealed that @sriioon oxidation by the 7 °C enrichment culture
had temperature optima of 22.4 °C and 32.4 °C (PHpe This indicated the presence of both
psychrotolerant and/ or mesophilic microorganismghie culture. This supports the suggestion at
ferrooxidanswas actuallyA. ferrivorans or both species were present. The specific oxidatates for

the culture were similar, with 138® and 12.810°% mg Fé* cell® h* for 22.4 °C and 32.4 °C,
respectively. By far,A. ferrivoransis the only described psychrotolerant acidophilioleaching
bacteria (Hallberg et al. 2010A. ferrivoransSS3 (99%, CP002985A. ferrooxidansAP 310 (96-
100%, DQ355183was the dominant bacteria of the pilot-scale biphgmaprimary and secondary
leaching phase. These species are genetically neay each other and probably both existed in the
bioheap application.

At the end of the column experiment (around 350ad)acterium related to. ferriphilum D1 (99 %,
DQ665909) was seen at pH from 1.5 to 2.5. It h@n lpreviously detected in bioleaching tank reactors
with high ferric iron concentrations (Coram and Rags, 2002). Leptospirilli have generally been
described to dominate in high redox potential aedid iron concentration (Rawlings et al. 1999,
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Demergasso et al. 200%). ferriphilum dominated the microbial consortium at 37 °C witddvivaara
ore for the greater part during the bioleachinthanstudy of Wakeman et al. (2008).

Sb. thermotoleranKR-1 (99%, DQ124681) was the major species alCairing the bioleaching and
were detected in the leach liquors at pH valuesifiio5 to 3.0. The reported optimum temperature of
Sb. thermotoleransis 40 °C and growth range 20-60 °C (Bogdanova let 2806). Sb.
thermosulfidooxidanbl19-50-01 (99-100%, EU49991@)as found from the high temperature zones of
the pilot-scale heagsulfobacillusis commonly present in bioheap operations bubisconsidered to
be the main player. In the study of Cameron ef{2010) Sulfobacillusspp. were dominant in the
bioreactor at 45 °C. In pilot-scale bioheap a ndoadterium related to clone H70 (91%, DQ328625)
was present nearly in all samples. The DGGE barsl au& out, DNA isolated, PCR amplified and
sequenced and submitted to GenBank (accession 3Q3%41The phylogenetic analysis (Figure 17)
revealed that the novel bacterium belonged to thmi€utes. The role is possibly important and that
would need future research.

Detectable archaea in the column leaching studiléTal) were~erroplasma acidiphilunDR1 (98%,
AY222042), a species related to an uncultured @ahalone ant b7 (99%, DQ303249, nearest known
speciesThermoplasma acidophilumSM1728, 91%, AL445067) arfulfolobus metallicuDSM 6482
(98%, SM16SRRNL1). SurprisinglyS. metallicuswas present at room temperature. The growth
temperature fo6. metallicudas been reported by Huber and Stetter (20019-06°C, with a growth
optimum at 65 °C. For attempting to increase thaebiching rate at 50 °C, the column was re-
inoculated with éulfolobusculture on day 65. The growth temperature of thitlice was reported to
be 35-76 °C. (Salo-Zieman et al. 2006). No mesaplllfolobusspp. has been described (Salo-
Zieman et al. 2006). Columns at 21, 35 °C and aBBgHmight have been transmitted from the re-
inoculation of the column at 50 °C, or the orehw original inoculum contained anotHgulfolobus
strain. The uncultured archaeon clone ant b7 (P&303249) was present in all of the leach liquors
except at pH 1.5Ferroplasma acidiphilumDR1 (98%, AY222042) that can oxidize only iron,sva
present at pH 2.5 and 2.0, and in all temperatwergect at 35 °C. In the pilot-scale bioheap the
archaeal species present were related to uncedvapecies, from which, one was related to
Thermoplasma acidophilu®1-93%).
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Table 21. Micro-organisms detected from the coluduming the bioleaching of the ore at differengtrpH at 21 °C and

at temperatures between 7 and 50 °C at pH 2.5= Rdom temperature, LR
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Table 22. Micro-organisms detected from the pilcaide bioheap during the bioleaching. MH
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4.5.1 Community structure analysis

To determine the phylogenetic diversity, a phylagentree was generateA. brierleyiwas used as
outgroup to root the tree. The scale bar repres@@qucleotide substitutions per nucleotides. 16S
rRNA gene sequences of bacteria were distributédl fiour main phyla FirmicutesActinobacteria
Proteobacteriaand Nitrospira Microorganisms that were detected several timesnguthe study
(columns and pilot-scale bioheap) are presented.

0.98 — Ferroplasmaacidiphilum
h—— soril
- ant_ b7 [T{‘fern"op;a.sma A
5 . . acidophilm (91%)]
0.85 [ Acidianus brierleyi
e Sulfolobus metallicus
0.93 [ Leptospirillum ferriphilum : )
L I ferrooxidans Nitrospirae
1 Ferrimicrobium acidiphilum ]- Actinobacteria
A. caldus
0.98 Acidithiobacillus ferrooxidoans
.6 A. ferrivorans
0.71 2 :
- Proteobacteria
A. ferridurans
iron-oxidizing acidophile
1 [ Sulfobacillus thermosulfidoxidans
088 Sh. thermotolercs Fitfsites

unknown bacterium (91% H70, DQ328625

Figure 17. The phylogenetic tree generated usisigudce matrix and neighbour joining methods basetth® 16S rRNAA.
brierley was used as outgroup. Numbers at nodes represetdrép values based on 1 000 samplings. The beale
indicates the estimated number of base changesupotide sequence position.
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5. CONCLUSIONS

The bioleaching of the complex multimetal blackistlore containing mainly pyrrhotite and pyrite
together with minor pentlandite and chalcopyritegioating from the Sotkamo deposit, Finland was
studied.

Dissolution of nickel and zinc were mostly affectiegl the pH value of the irrigation solution. The
fastest bioleaching and greatest yields of valualbégals were achieved at pH 1.5. Nickel and zinc
leaching rates and yields decreased nearly lin@arlyH increased. Nickel solubilization was 3-4esm
faster at pH 1.5 than at pH 3.0, being 0.42 an® 04l (Ni) d*, respectively. The maximum metal
yields were achieved after 140 days at pH 1.5,vee@ 59 for % Ni, 52 % for Zn, 13 % for Cu and 16
% for Co. At pH 2.0 maximum vyields were achieve@mn230 days (54 % for Ni, 37 % for Zn, 13 %
for Cu and 12 % for Co). Copper did not bioleacthigh pH (2.5-3.0). That was probably due to the
passivation of chalcopyrite. After the beginning,farther cobolt dissolution happened at pH 3.0wLo
concentrations of ferrous iron demonstrated théviactof iron-oxidizers at all room temperature
columns (pH 1.5-3.0). The concentration of fermioni in solution increased significantly with the
decrease in pH. At pH 1.5, ferric iron concentnatiocreased all the time, being 36 fter 140 days.
At pH 2.0 the ferric iron concentrations variedingehighest 3.8 gllafter 97 days. At pH 2.5 and 3.0
the total dissolved iron remained low throughowt #xperiment due to iron precipitatidie redox
potential (Pt electrode against an®gCl reference) varied between 515 and 580 mVhdeéiighest

at pH 2.0. The study confirms that the ferric immd the activity of hydrogen ions were the driving
forces of metal solubilisation of the complex mulital black schist ore. Leaching was acid consuming
in all conditions. The acid consumption of the aneerdrive the production of hydrogen ions by
sulphur-oxidizers. Leaching at low pH resultednireased acid consumption of 160 and 38®1 g
kg™ ore at pH 1.5 and 2.0 after 140 days. Temperaatine 2.5, had also effect on acid consumption.
At 50 °C acid consumption was highest and lowes2lat’C, being 29 and 8,80, g kg* ore,
respectively.

Temperature affected significantly to the metaldge(at pH 2.5). The highest yields were obtained a
room temperature (21 °C). After 153 days the marinyields were 26 % for Ni, 18 % for Zn, 1 % for
Cu and 6 % for Co. The redox increased during itts¢ tvo months at 7 °C and reflected the start of
ferrous iron oxidation and microbial activity. Aftehat ferric iron was present all the time at 7@
this demonstrated that more ferric iron was avé&ldor the oxidation of the mineral sulphide than a
other temperatures. The leach liquor redox potestigilized to 500-600 mV (A¢AgCl reference) at

7 °C after 40 days and at 21 °C right after begignLeaching at low temperature (7 °C) resulted in
yields of 24 % for Ni, 17 % for Zn, 2 % for Cu a®d% for Co after 496 days. The Cu leaching
increased all the time during the experiment &E,7vfhile at other temperatures it slowed down after
100 days. The leach liquor redox potential at 3&A@ at 50 °C varied between 300-500 mV. At 50 °C,
after 50 days Fé and Fe; were both 350 mgt The lack of soluble ferric ion, i.e. presencdrof
oxide precipitates, slowed down the bioleachingalfiable metals. After re-inoculation (day 65) with
a thermophilicSulfolobusculture, leaching at 50 °C accelerated but slod@en soon and resulted in
maximum vyields 18 % for Ni, 11 % for Zn, 0.3 % fGu and 2 % for Co (after 140 days). In the
column leaching study, after the maximum yieldsiger leaching time did not result more metals in
solutions.

The evaluation of metal solubilisation at highenperatures than tested, cannot be done with thaé use

inocula that included mostly mesophilic microorgams. In the real bioheap microorganisms are often
indigenous and may include thermophilic bacterianake pilot-scale bioheap.
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Dissolution of gangue minerals was highest at lo\ywek Large amounts of aluminium, manganese and
silicon were leached. After 60 days of bioleachitigg leach liquor at pH 1.5 became jelly like and
after 110 days Si reached the concentration of §.88. Amorphous precipitates have the potential to
interfere liquid flow in heap leaching and subsequecovery of base metals. Althought, Si did not
affect the solubilization of valuable metals, thé palue of the PLS needs to be kept above 1.5, to
prevent these problems. The dissolution of silicaieerals also increases the pH and thus, sulphuric
acid consumption can be the major cost. At pH 2$s Ithan 200 mg™L Si was solubilized and
different temperatures had no effect on Si disgmiuat that pH. After the column blockages, (colsmn
at pH 2.0 and pH 2.5 after 82d, and column at 34f%€r 117d) about 200g of the ore did not fit back
to each of the column. Clay minerals, that are eside, were likely formed. Blockages are easily
managed in laboratory conditions. In real heaps;Haiges cause severe problems in aeration, iwigati
and overall bioheap operation.

The pH value of the column leach liquor did noteaffsignificantly to cell numbers. At 7 °C leach
liquor the total counts (£a10° cells mLY) were significantly higher than at other tempemesgy(16-10’
cells mLY). In pilot-scale bioheap, the cell counts wersdme extent lower (£@ells mLY). The cell
counts decreased slightly in all column leach liguduring the leaching. This was likely due to
attachment of cells to the agglomerated ore anldetdormed precipitates. Total cell counts in thech
residues at room temperature were abofitgls g oré. At 7, 35 and 50 °C the total cell counts of the
leach residues were 3.4%10.1-10 and 8.7- 19cells ore &, respectfully.

In conclusion leaching rates of valuable metalsewiacreased, when ferric iron was in solution, the
amount of active iron-oxidizers were suffient ansisdlution of Si were moderate. Leaching solution
pH of 2.0 was recommended for a bioheap applicalitve two demonstration-scale bioheaps (17 000
t) at the Talvivaara mine site were operated anditoed by Talvivaara Mining Company for 30
months. After the start-up of heap irrigation, @tidn of pyrrhotite and pyrite increased the heap
temperature in central locations up to 90 °C. la fecond winter temperatures inside the heaps
decreased being still 80 °C at the hottest sp@ach liquor temperatures varied between 60 °C &nd 1
°C over the whole operation period. The target pkhe PLS was 2.0. Inspite of continuous titration
pH varied during the 10 months between 3.5 an&Bdafter that between 3.0 and 2.5.

Bioleaching with the black schist ore (column baaking and pilot-scale bioheap) harboured diverse
microbial population that consisted well known agiblilic microorganisms, and few species that were
not closely related to existing GenBank sequenaed, may possibly be novel species. Community
changes seem to be related to the main substrelteasuferrous iron availability and temperaturee Th
most prominent microorganisms in communities weam@aproteobacteridd. ferrivorans(99%)
A.ferrooxidang99%) andA. caldus(95-99%), and member of phylym Nitrospita,ferrooxidang98-
100%). After the data of this study was publish2d0{), two newAcidithiobacillus species of were
describedA. ferrivoransandA. ferridurans Genetically these species are very near eachr. cthe
16S rRNA gene sequences of the bands that corrésdd@®% ofA. ferrooxidansAP310 0Q35518)
were identified again in 2015 using the basic ladanment search tool (BLAST). Most of the 16S
rRNA gene sequences Af ferrooxidansorresponded 99% also AsferrivoransSS3(CP002985). In
the light of increased knowledge, these specienatdme separated with the denaturing gradient from
40 to 70 % that were used in the DGGE.

In general, in column leaching study, temperatdfected the microbial community structure more
than pH did. The dominant species at 7 °C were ugnigvhereas at room temperature microbial
community exhibited similarity. Also higher tempenes (35 and 50 °C) showed similarities.
ferrivorans (99%) ferrooxidans (99%) was the dominant microorganisms at 7 °C. $hdt in
predominance ofAcidithiobacillus to Leptospirillum coincides with decreasing concentrations of
ferrous iron in the leach liquor. At the end of tbelumn experiment (around 350 d), a bacterium
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related toL. ferriphilum (99%) was seen at pH from 1.5 to 2.5. Leptospinflve generally been
described to dominate in high redox potential asmid iron concentratiorSh. thermotoleran§99%)
was the major species at 50 °C during the leacandywas also detected in the leach liquors at pH
from 1.5 to 3.0.Sb. thermosulfidooxidand00%) was found from the high temperature zoriethe
pilot-scale heapSulfobacillusis often present in bioheap operations but isawoisidered to be the
main player.

In pilot-scale bioheap, large temperature gradiezgslted in the simultaneous presence of mesophili
and thermophilic iron- and sulphur-oxidisers. Dgrihe first six months the microbial communities of
the leach liquors were diverse and dominatedAbyerrivorans(99%) A. ferrooxidans(99%), Sb.
thermosulfidooxidan100%) and a novel bacterium related to clone K8M%). After 6 months of
bioheap operatioh. ferrooxidans(100%) was first observed and it was present #itzein nearly all
samples. The microbial diversity in both heapseadrand decreased with time, wigh ferrivorans
(99%Y A. ferrooxidangemaining as the dominant bacterium and the noaeldbium related to clone
H70 (91%) being present. The role of that noveltdrdem is probably important and would need
future research. In the secondary leaching phéseyas present withA. ferrivorans (99%Y
ferrooxidans(99%) and.. ferrooxidang98%).

Detectable archaea in the column leaching studg werroplasma acidiphilun{98%), a novel species
that was related to an uncultured archaeon cloreb@n(nearest known speci@hermoplasma
acidophilum,91-93%) andSulfolobus metallicu@8%). Sulfolobuswas present at 21, 35 and at 50 °C.
No mesophilicSulfolobusspp. has been described (Salo-Zieman et al. 2Q@B)mns might have been
transmitted from the re-inoculation of the coluatn50 °C, or the ore or inoculum contained another
Sulfolobusstrain. In the pilot-scale bioheap the archaeatiss present were related to uncultivated
species, from which, one was related termoplasma acidophilu(®1-93%).
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The effect of pH on the bioleaching of a low-grade, black schist ore from Finland containing pyrrhotite, pyrite,
pentlandite, chalcopyrite and other mineral sulfides was studied using columns containing 9.0 kg of
agglomerated ore that was irrigated with nutrient supplemented surface water from the deposit at ambient
temperature. Iron and sulfur-oxidizing enriched culture was used to inoculate the columns. Iron oxidation
and metal leaching increased with decreasing pH. At pH 1.5, 59% Ni was bioleached after 140 days together
with 59% Zn, 13% Cu and 16% Co. In comparison, at pH 3.0 only 15% Ni, 10% Zn, 5% Cu and 0.5% Co were
Bioleaching leached; while at pH 2, 53% Ni was bioleached after 230 days. Based on an optimization between the leaching
Complex sulfide ore of metals, the acid consumption, the concentration of soluble iron and the dissolution of other gangue
pH minerals, leaching at pH of 2.0 were recommended for this heap bioleaching application.
Acidithiobacillus ferrooxidans The microbial composition as determined by a combination of Polymerase Chain Reaction (PCR)-Denaturing
Leptospirillum ferrooxidans Gradient Gel Electrophoresis (DGGE)-sequencing approach was not significantly affected by pH. Acidithio-
Microbial composition bacillus ferrooxidans and Leptospirillum ferrooxidans were the dominant species in all the leach liquors. In
addition, L. ferriphilum was detected for the first time in extracted leach residue liquor after 300 days of
bioleaching. Sulfobacillus thermotolerans, A. caldus, A. thiooxidans and some unknown species were found to
lesser extent. Archaeal species were also present in all leach liquors.

© 2009 Elsevier B.V. All rights reserved.
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(Rawlings et al., 2003; Stromberg and Banwart, 1999). In practice, it is
difficult to maintain the solution pH within the desired range without
constant pH adjustment and sulfuric acid consumption can be a major
operating cost (Watling, 2006).

Bioleaching of nickel bearing complex black schist sulfide ore from
Sotkamo deposit, Finland was demonstrated in the early studies of
Puhakka and Tuovinen (1986a,b,c). In later studies, heap bioleaching

1. Introduction

Biohydrometallurgical processes are widely used for the recovery
of gold and copper (Brierley and Brierley, 2001; Morin et al., 2006;
Watling 2006) and similar techniques for low-grade nickel sulfide
ores are under development (Dew and Miller, 1997; Rawlings, 2002;
Watling, 2008). The bioleaching applications involve the presence of

acidophilic microorganisms that grow between pH 0 and 3 and
oxidize ferrous ion to ferric ion to generate solutions with relatively
high redox potential that leach the sulfide minerals. However, ferric
ion easily hydrolyzes and forms iron(Ill) hydroxides or jarosite.
Precipitation of jarosite has been reported even in the pH range of
1.35-1.5 (Boon, 2000).

Due to a concurrent dissolution, precipitation, oxidation and
reduction reactions, both acid consumption and acid production
prevails in bioleaching processes (Riekkola-Vanhanen et al., 2001).
Many gangue minerals such as chlorite, potassium- and calcium-
feldspar are acid-consuming and agglomeration of the ore with
sulfuric acid reduces major pH changes at the beginning of leaching

* Corresponding author. Tel.: +358 79 64919063.
E-mail address: anna-kaisa.halinen@tut.fi (A.-K. Halinen).

0304-386X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.hydromet.2009.04.005

was simulated in columns where the leach liquor percolated through
the ore material by gravity (Riekkola-Vanhanen and Heimala, 1999;
Wakeman et al., 2008). The aim of the present work was to study the
effects of pH (1.5-3.0) on bioleaching this ore using bench scale
columns and to compare the dynamics of the microbial community
structure over time.

2. Materials and methods
2.1. Ore

The mineral composition of the sulfide component of the ore
was 61.2% pyrrhotite (FeS), 24.3% pyrite (FeS,), 5% pentlandite [(Fe,/
Nig _ x)oSg], 6.5% alabandite (MnS) and 2.4% chalcopyrite (CuFeS,).
Valuable metal contents were 0.29% Ni, 0.53% Zn, 0.20% Cu and 0.035%
Co. The mineral with the highest nickel content was pentlandite that


mailto:anna-kaisa.halinen@tut.fi
http://dx.doi.org/10.1016/j.hydromet.2009.04.005
http://www.sciencedirect.com/science/journal/0304386X

A.-K. Halinen et al. / Hydrometallurgy 98 (2009) 92-100 93

contained about 80% of the total nickel present in the ore. The rest of
the nickel was present in pyrrhotite and pyrite. Zinc was present as
sphalerite [(Zn,Fe)S], copper as chalcopyrite and cobalt was found in
pyrite, pyrrhotite and pentlandite. The crushed ore (approximately
17% 8-12 mm, 38% 3.15-8 mm and the rest 0.020-3.15 mm) was
agglomerated using dilute sulfuric acid (pH 1.5), in order to bind fine
particles to the surfaces of the coarser particles. The agglomerated ore
was kindly provided by the Geological Survey of Finland.

2.2. Enrichment culture

The enrichment culture used for the inoculation of the bioleaching
columns was obtained by combining several acidic water samples
from the Sotkamo ore deposit. The pH of the water samples varied
between 3 and 4 and samples contained red-brown iron(IIl)
precipitates. The cultures were first enriched in shake flasks at 25 °C
in three different acidic media. All the media contained basal salts
(04 g L™ each K,HPO,4, (NH4),S04, MgS0,4-7H50), supplemented
with either ferrous ion (4.5 g L™ 1), elemental sulfur (1% wt/vol) or
black schist ore powder (1% w/v) from the Sotkamo deposit. Basal
salts were diluted with the surface water originating from the deposit
containing about 20 mg L~ dissolved organic matter and solutions
were acidified to pH 1.8 with concentrated sulfuric acid. Basal salts
media were sterilized by autoclaving (30 min, 121 °C). Sulfur was
sterilized by heating at 105 °C for at least 24 h. For addition of ferrous
ion, the stock solution of 112 g L™' FeSO4-7H,0 at pH 1.8 was
prepared and sterilized by filtration through 0.2 pm polyvinylidene
fluoride membrane (Whatman). Sulfur and the ferrous ion solution
were aseptically added to the medium. Ore powder was sterilized with
the basal salts. After inoculation (10% v/v), the suspensions were
incubated at 180 rpm min~ " at 25 °C.

After one month of incubation the enrichment cultures were
combined with the medium. The enrichment culture was sub-
cultured three times on this medium prior to transferring to the
bioleaching columns. Microbial growth was monitored by phase
contrast microscopy (Zeiss Axioskop 2).

2.3. Bioleaching column and start-up

Four columns at different target pH values (1.5, 2.0, 2.5 and 3.0)
containing about 9 kg of agglomerated ore were set up. The description
of the columns used in the study is given in Halinen et al. (2009-this
issue). The columns were inoculated with 200 mL of the microbial
solution and the percolated solutions were collected from the bottom of
the column. The cells were counted before and after inoculation by 4/, 6-
diamidino-2-phenylindole (DAPI) staining and Most Probable Number
(MPN) technique adapted for mesophilic iron oxidizers. After inocula-
tion, containers equipped with pH electrodes and magnetic stirrers were
placed below the columns and leach liquor (5 L), consisting of surface
water from the Sotkamo deposit supplemented with basal salts, was
used in each column. The pH was adjusted by continuous titration
(Metrohm 719 S Titrino) with concentrated sulfuric acid. The ore in the
column was irrigated at the rate of 10 Lm ™2 h™ ! by liquid recirculation.
Aeration was provided through a diffuser inserted at the base of the
column blown at the rate of (8-11) m®>m~2h™ ",

2.4. Monitoring metal concentrations and cell counts

The recycle of the leach liquors were initially monitored on a
weekly basis and later every second week for pH, redox (Pt electrode
Ag®/AgCl reference), dissolved oxygen (WTW CellOx 325), ferrous ion
and soluble Fe, Zn, Ni, Co and Cu. The column and leach liquor
temperatures, sulfuric acid consumption and leach liquor pH values
were recorded five times per week. The leach liquors of the columns
were sampled once a month to estimate the total numbers of
microorganisms and every second month to characterize the micro-

bial communities. Samples of leach liquor were replaced with equal
volumes of sterile basal salt solution. Losses due to evaporation were
estimated on a volumetric basis and compensated by adding distilled
water on a day before sampling.

Soluble metals were determined according to the Finnish Standard
Methods SFS 3044 and SFS 3047 (Anon., 1980a,b) by atomic absorption
spectrophotometer AAS (Perkin Elmer 1100B) and once a month with
inductively coupled plasma ICP-AES (Thermo Elemental, USA). Ferrous
ion concentrations were determined using the UV 1601 spectro-
photometer (Shimadzu Europa GmbH) by the colorimetric ortho-
phenanthroline method, according to Standard Methods Method no.
3500-Fe (Anon., 1992) modified as follows: 100 pL of concentrated HCl,
900 pL MQ-water, 2 mL of 1,10-phenanthroline (10 g L~ ') and 1 mL of
ammonium acetate buffer were added to 1 mL of sample.

Total cell counts were estimated with 4/, 6-diamidino-2-phenylin-
dole (DAPI) staining technique using epifluorescence microscopy. Viable
counts of mesophilic iron-oxidizing bacteria in the sample were
estimated with Most Probable Number technique (MPN) modified
from the Finnish Standard Methods SFS 4447 (Anon., 1979). The samples
were diluted 10~ '-10~8-fold with basal salts solution and 20 pL of the
diluted sample was added to a well containing 180 L of the growth
medium on a multiple well plate. Each dilution was analyzed in five
parallel wells. Plates were incubated for four weeks at 25 °C in a box
moisturized with wet hand towels to prevent wells from drying.

2.5. Microbial community analysis

The microbial communities were investigated by Polymerase
Chain Reaction (PCR)-Denaturing Gradient Gel Electrophoresis
(DGGE); followed by partial sequencing of 16S rRNA gene. For DNA
extraction, a 15-20 mL sample was taken from column liquor and
filtered immediately on a 0.2 um pore size polycarbonate filter
(Cyclopore Track Etched Membrane, Whatman). The filters were
rinsed with 0.9% (w/v) NaCl at pH 1.8 for 1 min to remove the excess
metals and then neutralized with 40 mM Na-EDTA in phosphate
buffered saline (PBS; 130 mM NaCl, 5 mM Na,HPO4, and 5 mM
NaH,PO,4 adjusted to pH 7.2) for 1 min. The filters were stored at
—20 °C prior to nucleic acid extraction. DNA was extracted from
preserved filter samples with a Power Soil DNA isolation kit or Ultra
Clean Soil DNA Isolation Kit (MoBio Laboratories, Inc.) according to
the manufacturer's instructions for DNA yield maximization.

The crude DNA was used as a template for PCR. Partial 16S rRNA
genes (550 bp) were amplified using bacterial-specific forward primer
357F 5’-CCT ACG GGA GGC AGC AG-3’ (E. coli 16S rRNA gene positions
341-357, Muyzer et al., 1993) and universal reverse primer 907R 5’'-
CCG TCA ATT CMT TTG AGT TT-3’ (E. coli 16S rRNA positions 907-926,
Muyzer et al., 1996). The forward primer had a GC-clamp in the 5’-end
(5’-GCG CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G-3)
to stabilize the melting behavior of the DNA fragments in the DGGE
(Muyzer et al., 1993).

PCR reaction mixtures contained 5 pL of 10xPCR buffer IV
(200 mM (NH4)2S04, 750 mM Tris-HCl, and 0.1% (vol/vol) Tween,
pH 8.8), 2 mM MgCl,, 100 pM deoxynucleoside triphosphates, 0.5 pM
of each primer, 0.8 U of Dynazyme Il DNA polymerase, 400 ng bovine
serum albumin (BSA) uL ™!, and sterile ddH,0 water to a final volume
of 50 pL, to which 1-2 L of template was added. PCR was performed
using the following temperature program: initial denaturation at
95 °C for 5 min, 31 cycles of denaturation at 94 °C for 0.5 min,
annealing at 50 °C for 1 min and extension at 72 °C for 2 min, followed
by final extension at 72 °C for 10 min. The PCR products were checked
with 1% (wt/vol) agarose gel electrophoresis using ethidium bromide
staining (final concentration 1 pg L™ ') prior to DGGE.

Archaea were characterized using nested PCR approach. First
partial 16S rRNA gene (933 bp) was amplified using the Archaea-
specific primers (Jurgens et al., 2000) ArUn4F 5’-TCY GGT TGA TCC
TGC CRG-3’ (E. coli 16S rRNA positions 8-25, Hershberger et al., 1996)
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and Ar958R 5’-YCC GGC GTT GAV TCC ATT T-3’ (E. coli 16S rRNA
positions 958-976, Delong, 1992). The inner-PCR (601 bp) was
conducted using the product from the former, outer-PCR as a template
and Archaea-specific primers GC-ArchV3F 5’-CCC TAC GGG GYG CAS
CAG-3’ (E. coli 16S rRNA positions 340-357, @vreas et al., 1997) and
Ar958R. The forward primer included a GC-clamp. Otherwise, the PCR
mixture was the same as for bacterial PCR. The outer-PCR was
performed using the following temperature program: initial dena-
turation at 95 °C for 4 min, 40 cycles of denaturation at 92 °C for 1 min,
annealing at 57 °C for 1 min and extension at 72 °C for 2 min, followed
by final extension at 72 °C for 10 min. The inner-PCR was performed as
the outer-PCR, but initial denaturation was at 94 °C for 1 min.
Annealing was at 61 °C and number of cycles 32. The PCR products
were checked as described above. DGGE was performed with the
INGENYphorU2 x 2-system (Ingeny International BV, The Nether-
lands) as previously described (Dopson et al., 2007b). Individual
bands were excised from the gel with a sterile scalpel and eluted in
20 pL of DNase and RNase free water overnight at 4 °C and then stored
at —20 °C. Aliquots (1-2 pL) of the eluate were used as templates in
bacterial PCR with primers 357F (without GC-clamp) and 907R.
Archaeal templates were amplified with ArchV3F and Ar958R. The
PCR mixture (BSA replaced with sterile water) and the PCR programs
described above were used. Before being sequenced, each PCR product
was run in a 1% (w/v) agarose gel stained with ethidium bromide to
confirm the size and the concentration of the product. The PCR
products were purified and sequenced at the DNA Sequencing Facility,
Institute of Biotechnology, Helsinki University. To identify the
microbes, the sequence data was compared with 16S rRNA gene
sequences in the GenBank database using the basic local alignment
search tool (BLAST; http://www.ncbi.nlm.nih.gov/blast/, Altschul
et al., 1997).

2.6. Microbial analysis of the leach residue

Bacterial species of the leach residue were analyzed at the end
of the experiment. Circulation of the leach liquor was stopped one
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day prior to ore removal from the column. The ore samples (15 g
each) were taken by squaring according to the Finnish Standard
SFS-EN 932-2 (Anon., 1997). The sample was mixed with 40 mL of
sterile Zwittergent-washing solution (0.38 g L™ ! EGTA, 3.35" 4 g L™!
Zwittergent, 3.73 g L™ ! KCl, pH adjusted to 2.5 with 2 M HCl). The
mixture was shaken and sonicated 5x1 min in order to detach
microorganisms from ore particles. Thereafter, the sample was
allowed to settle for about 30 min to prevent the small ore particles
from interfering with DAPI staining and DNA extraction. 15-20 mL of
supernatant was filtered for DNA extraction. Microbial numbers were
counted from supernatant in order to estimate the amount of attached
cells. If no respectable PCR product was gained using primers 357F
and 907R, a nested PCR approach was used. The forward bacterial-
specific primer 27F 5'-AGA GTIT TGA TCM TGG CTC AG-3' (E. coli 16S
rRNA positions 8-27, Lane, 1991) and the reverse universal primer
1099R 5’-GGG TTG CGC TCG TTG-3’ (E. coli 16S rRNA positions 1099-
1114, Lane, 1991) were used to perform outer-PCR. The outer-PCR was
done using the following touchdown temperature program: initial
denaturation at 95 °C for 15 min, 30 cycles of denaturation at 94 °C for
1.0 min, annealing starting at 53 °C for 0.5 min and extension at 72 °C
for 2 min. Annealing temperature was decreased 0.1 °C/s to 48 °C,
followed by final extension at 72 °C for 10 min. The inner-PCR primers
(357F with GC-clamp and 907R) and the PCR program were as
described above.

2.7. Leach residue analysis

The solid residues of the ore from columns at pH 2.0 and 2.5 were
studied after 80-90 days of bioleaching after the columns became
blocked at the bottom. Circulation of the leach liquors was stopped
and the solutions were allowed to flow out of the columns. The
mineralogical compositions of solid samples were examined by X-ray
diffraction (XRD) (Siemens AG D500) and Scanning Electron Micro-
scopy (SEM) (Stereoscan 360, Cambridge Instruments) coupled with
an energy dispersive spectroscope (EDS) (INCA-energy ISIS-300,
Oxford Instruments) at Outokumpu Research Oy.
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Fig. 1. Redox potentials and the concentrations of total dissolved iron and ferrous ion in leach liquors during the bioleaching of the ore at different pH values.
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3. Results and discussion
3.1. H;S0,4 consumption during bioleaching

The acid consumptions to obtain desired pH levels of 1.5, 2.0, 2.5
and 3.0 were determined for the black schist ore. Acid was steadily
consumed in all columns and the pH initially climbed to pH 4-5 before
slowly falling. After 140 days of bioleaching leach liquor pH values
were 1.5, 2.2, 3.2 and 3.5 after continuous titration of the leach liquor
and the cumulative acid consumptions were 160, 38, 8 and 3 g kg~ !
ore at the respective pH values. Considering the heap bioleaching
application, the sulfuric acid consumption at pH 1.5 is too clearly high
for the process to be economical. In the study of Hallberg et al. (2007),
the pH was adjusted to 1.8 entering the 110 ton-scale column filled
with the agglomerated black schist ore and averaged pH 2.7 when
leaving the column.

3.2. Redox potential and the fate of iron

Redox potentials and iron concentrations during the bioleaching
are presented in Fig. 1. The redox potentials in the column leach
liquors varied between 515 mV at pH 1.5 and 580 mV (Ag®/AgCl
reference). The concentrations of ferric and total dissolved iron
increased steadily at pH 1.5 and 2.0. At pH 1.5, the average
concentration of ferrous ion after 140 days of bioleaching was
800 mg L~ ! while ferric ion was 20.6 g L=, which may cause
problems in metal recovery process. At pH 2, the concentration of total
iron was significantly lower (2.1 g L™}, including 140 mg L™~ ! Fe(II)),
while at pH 3, total iron remained below 25 mg L™ ! throughout the
experiment due to brown iron(Ill) oxide precipitates on the surfaces
of the ore material. However, Riekkola-Vanhanen and Heimala (1999)
concluded that iron precipitation did not interfere with the bioleach-
ing of a black schist ore.
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3.3. Bioleaching of metals

The bioleaching of Ni, Cu, Zn and Co from the ore are presented in
Fig. 2. After 140 days at pH 1.5, the concentrations in solution were
264 g L"' Ni, 420 g L= Zn, 037 g L' Cu and 0.08 g L™! Co
corresponding to 59% Ni, 52% Zn, 12% Cu and 13% Co extraction. The rate
of bioleaching nickel and zinc was dependent upon pH and was 3-4
times faster at pH 1.5 than at pH 3. Once the nickel concentration
reached 2.50 g L™ !, 20% of the leach liquor was replaced with fresh liquor
in order to decrease possible toxic effects of high metal concentrations.

After 290 days of bioleaching, the extraction of base metals at pH
2.0 reached the same % level as at pH 1.5, and thereafter remained
steady. However, at pH 2.5 and 3.0, there was no further extraction of
metals after 150 days, possibly due to metal adsorption onto the iron
oxide precipitate. The results demonstrate that the highest leaching of
base metals is achieved at low pH values under high redox conditions
where ferric ion remains in solutions. Riekkola-Vanhanen and
Heimala (1999) achieved 40% bioleaching of nickel in 200 days
when leaching black schist ore in column tests at pH 1.8-2.7; while the
Talvivaara demonstration plant achieved 94% Ni extraction in
16 months with low pH acid irrigation (Riekkola-Vanhanen, 2007).

The dissolution of gangue minerals at different pH values during
column leaching brings aluminum, calcium, magnesium, manganese and
silicon into solution as presented in Fig. 3. The highest concentration of
these elements occurred at pH 1.5 resultingin 10.3 gL~ ' Al,0.57 gL~ ! Ca,
12gL™ Mg, 15.6 gL~ ' Mnand 1.7 gL~ ' Si after 140 days of bioleaching.
Dissolved manganese and silica did not affect the bioleaching of valuable
metals, but at pH 1.5 it increased acid consumption and it became difficult
to filter the leach liquor samples due to amorphous gelatinous silica. This
may create solution flow barriers hindering oxygen transfer and liquor
percolation the leaching of valuable metals from ore. Dissolution of
gangue minerals are furher discussed in the study of Dopson et al., 2007a.

Only a few studies report the effects of different metals on
microorganisms and bioleaching rates. In high concentrations, metals
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Fig. 2. Bioleaching of base metals during bioleaching of the ore at different pH values.
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Fig. 3. Aluminum, calcium, magnesium, manganese and silicon concentrations in leach liquors during bioleaching of the ore at different pH values. (Decrease in metal concentrations

at pH 2.5 due to leach liquor loss and replacement after 57 days.)

may interfere with microbial ferrous ion oxidation. High concentrations of
Mg (Li and Ke, 2001) and Al (Ojumu et al., 2007) have been reported to
inhibit bioleaching microbes. Thus, adjusting the pH to 2.0 is recommended
for heap bioleaching application to minimize gangue mineral dissolution.

3.4. Total and viable counts

Total cell counts in leach liquors and residues were determined once
a month by DAPI staining technique and the viable counts of mesophilic
iron oxidizers by MPN technique. The results are presented in Table 1.
The enrichment culture used as inoculum contained approximately
108 cells mL™ ! counted by DAPI and MPN. About 99% of the cells of the
inoculum became attached to the agglomerated ore corresponding to
10'°-10" cells in the column. The pH did not affect the numbers of
microorganism in the leach liquor and cell counts (DAPI) remained at
10°-108 cell mL™! throughout the study. The cell counts decreased
slightly in all leach liquors during the leaching. This was likely due to
attachment of cells to the agglomerated ore and to the formed
precipitates. Increasing attachment with incubation time of the
acidophilic bacterial cells to pyrite ore and ferric hydroxysulfates was
shown by Ghauri et al. (2006) though the attachment of A. ferrooxidans
was slower than the attachment of Leptospirillum ferrooxidans. Jarosites
were shown to play an important role in retaining iron oxidizers in a
ferric ion-generating fluidized-bed reactor (Kinnunen and Puhakka,
2004; Van der Meer et al., 2007).

The number of mesophilic iron oxidizers in the leach liquor was
107-108 cells mL™! at the start of bioleaching and decreased during
the bioleaching to 10*-108 cells mL™". Total cell counts in the leach

residue were about 102 cells g ore™ .

3.5. Microbial composition by PCR-DGGE

Bacterial 16S rRNA gene fragments obtained by PCR amplification
of DNA extracted from the leach liquor were analyzed by DGGE.
Duplicate DGGE profiles (from 10-80% of denaturing gradient) of the
original enrichment and after 27 days of leaching are shown in Fig. 4.
Several bands were observed in the samples of all pH columns. The
sequence data showed the presence of bacteria in the inoculum and
most of the leach liquors related to A. ferrooxidans AP310 (99%

Table 1
The average cell counts.
pH Cell count

Leach liquor Leach residue

DAPI MPN-Fe DAPI MPN-Fe
15 3.0x 107 8.0x 107 15x10® 3.0x10°
2.0 4.7x107 3.1x107 8.4x107 40x10*
2.5 4.0x107 1.4x107 23x108 6.5x10°
3.0 5.3x107 12x107 12x10® 3.5x10°
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Fig. 4. Bacterial DGGE profiles of partial 16S rRNA gene fragments retrieved from the
inoculum and the leach liquor of the columns operated at pH 1.5-3.0 after 27 days. Std =
standard. Identity of DGGE bands: a) Acidithiobacillus ferrooxidans AP310; b) A. caldus
MTH-04; c) A. thiooxidans ORCSS8; d) Leptospirillum ferrooxidans DSM 2705; e) Sulfobacillus
thermotolerans KR-1.

sequence similarity; accession DQ355183), A. caldus MTH-04 (96%,
AY427958), A. thiooxidans ORCS8 (100%, AY830900), L. ferrooxidans
DSM 2705 (98%, X86776) and Sulfobacillus thermotolerans KR-1 (99%,
DQ124681). A. ferrooxidans grows at pH between 1.3 and 4.5 (Kelly
and Wood, 2000).

All the detected bacteria from the leach liquors and leach residues
are presented in Tables 2-5. where + corresponds to a weak band on
DGGE and + + corresponds to a strong band on DGGE. A. ferrooxidans
and L. ferrooxidans were the predominant species in leach liquors
during the bioleaching at all pH values. Both were found from all of the
leach residues, except that L. ferrooxidans was not observed in leach
residue at pH 3 (Fig. 5). L. ferrooxidans oxidizes only ferrous ion and

Table 2

Detected bacterial species from column at pH 1.5.

Microorganism days 27 56 111 197 302 Leach

residue

Acidithibacillus ferrooxidans AP310 FAF A A 4F A ARar
(99%, DQ355183)

A. caldus MTH-04 (96%, AY427958) P

A. thiooxidans ORCS8 (100%, AY830900) +

L. ferrooxidans DSM 2705 (98%, X86776) ++ ++ + + +

Sulfobacillus thermotolerans KR-1 IF F +
(99%, DQ124681)

Ferrimicrobium acidophilum T23 aF
(98%, AF 251436)

L. ferriphilum D1 (99%, DQ665909) ++

Ferroplasma acidiphilum DR1 4FaF

(98%, AY222042)

Table 3
Detected bacterial species from column at pH 2.0.

197 302 426 531 Leach
residue

t+ ++ ++ ++

Microorganism days 27 111

A. ferrooxidans AP310 (99%, DQ355183) ++ ++ +
A. caldus MTH-04 (96%, AY427958) +
A. thiooxidans ORCS8 (100%, AY830900) +
L. ferrooxidans DSM 2705 (98%, X86776) ++ ++ ++ ++ + ++ ++
Sulfobacillus thermotolerans KR-1 aF
(99%, DQ124681)
L. ferriphilum D1 (99%, DQ665909)
Gram-positive iron-oxidizing F F +
acidophile G1 (99%, AY529492)

the optimum pH range is between 1.3 and 2.0 according to Johnson
(2001). Coram and Rawlings (2002) reported a pH range of 1.6 to 2.0
for L. ferrooxidans.

At the beginning of the experiment, A. caldus, A. thiooxidans and a
species closely related to S. thermotolerans were detected in the leach
liquors. A. caldus was found at pH> 1.5, which is consistent with the
pH optimum of 2.0-2.5 reported by Kelly and Wood (2000). A. caldus
uses only S as electron donor (Kelly and Wood, 2000). A. thiooxidans
and S. thermotolerans were present to lesser extent at pH 3.0. These
findings are consistent with earlier studies on bioleaching operations,
in which iron-oxidizing leptospirilli are generally reported to coexist
with a sulfur-oxidizing bacterium such as A. caldus or A. thiooxidans
(for review, see Rawlings, 2002). After one month of bioleaching
A. thiooxidans was no longer detected and A. caldus only once after
that (pH 3.0, after 246 days). The absence of these sulfur oxidizers
contributes to the high sulfuric acid consumption as suggested by
Wakeman et al. (2008). Maeda et al. (1996) showed that 300 mg L™}
Ni was inhibitory to A. thiooxidans.

Bogdanova et al. (2006) reported the pH range of 1.2-2.4 or pH
2.0-5.0 for the growth of S. thermotolerans on media containing
ferrous ion or S°, respectively. At the end of the experiment (around
350 days) a bacterium related to L. ferriphilum D1 (99%, DQ665909)
was seen in the leach liquor at pH 1.5 and 2.0 and also from leach
residue at pH 2.5. Coram and Rawlings (2002) reported a pH range of
1.4 to 1.8 for L. ferriphilum.

Archaea were analyzed with DGGE after 111 days (Fig. 6, Table 6)
and after 246 days of bioleaching. Archaea related to Ferroplasma
acidiphilum DR1 (98%, AY222042) were found from leach liquors at pH
1.5 and pH 2.0. Currently two species of Ferroplasma are recognized,
the other being E acidarmanus (Dopson et al., 2004; Golyshina et al.,
2000; Okibe et al., 2003). E. acidiphilum oxidizes ferrous ion as the sole
energy source and fixes inorganic carbon as the sole carbon source
and has a growth range of pH 1.3 and 2.2 (Golyshina et al., 2000). The

Table 4
Detected bacterial species from column at pH 2.5.

197 302 426 Leach
residue

A. ferrooxidans AP310 (99%, DQ35518) e S E R S aF Sy
A. caldus MTH-04 (96%, AY427958) 1k
A. thiooxidans ORCS8 (100%, AY830900) +
L. ferrooxidans DSM 2705 (98%, X86776) ++ ++ + + + + +
Sulfobacillus thermotolerans KR-1 aF
(99%, DQ124681)
Uncultured bacterium clone DX30 TF
(99%, DQ458028)*
L. ferriphilum D1 (99%, DQ665909)
Uncultured bacterium clone QBS9 aF
(99%, DQ840470)*
Alicyclobacillus tolerans DSM 16297 TP
(99%, AB222265)

Microorganism days 27 56 111

2 No nearest known species.
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Table 5

Detected bacterial species from column at pH 3.0.

Microorganism days 27 56 m 197 302 Leach

residue

Acidithibacillus ferrooxidans AP310 e AFEE AF ++ ++ ++
(99%, DQ355183)

A. caldus MTH-04 (96% AY427958) +

A. thiooxidans ORCS8 (100%, AY830900)  +

L. ferrooxidans DSM 2705 (98%, X86776) ++ ++ ++ ++ + T

pH of the leach liquor from column at pH 2 was slightly over the
optimal pH range for this organism. Ferroplasma was also detected
intermittently after PCR performed with bacterial-specific forward
primer 357F (Muyzer et al., 1993) and universal reverse primer 907R
(Muyzer et al., 1996), which can be a result of unspecific amplification.

A species related to an uncultured archaeon clone ant b7 (99%,
DQ303249, nearest known species Thermoplasma acidiphilum
DSM1728, 91%, AL445067) was present in all of the leach liquors
except at pH 1.5. Surprisingly, at higher pH values (2.5-3.0), archaea
related to Sulfolobus metallicus DSM 6482 (98%, SM16SRRN1) were
present. The growth temperature for S. metallicus has been reported
by Huber and Stetter (2001) to be 50-75 °C, with a growth optimum at
65 °C in a pH range of 1.0-4.5. The growth temperature of
thermophilic culture VS2, dominated by a Sulfolobus sp. was reported
to be 35-76 °C. No mesophilic Sulfolobus sp. has been described (Salo-
Zieman et al., 2006).

3.6. Leach residue analysis

The solid residues of the agglomerate were studied after 80-90 days,
when the columns at pH 2.0 and 2.5 became blocked from the bottom.
The main sulfides were pyrrhotite, pyrite, sphalerite, chalcopyrite and

pHL.5 pH3

Std pH2 pH25 pHIS pH3  gre ore

Fig. 5. Bacterial DGGE profiles of partial 16S rRNA gene fragments of the leach liquors
and leach residues at pH 1.5 and pH 3.0 after 300 days. Std = standard. Identity of DGGE
bands: a) and e) Acidithiobacillus ferrooxidans AP310; b) Uncultured bacterium clone
DX30; c) Leptospirillum ferrooxidans DSM 2705; d) Leptospirillum ferriphilum DI,
f) Sulfobacillus thermotolerans KR-1.

Std  pHL.S pH2

pH2.5 pH3

Fig. 6. Archaeal DGGE profiles of partial 16S rRNA gene fragments from the leach liquor
of the columns operated at pH 1.5-3.0 after 110 days. Std = standard. Identity of DGGE
bands: a) Ferroplasma acidiphilum DR1; b) and c) uncultured archeon ant b7; Thermo-
plasma acidiphilum DSM1728, d) Sulfolobus metallicus DSM 6482.

violarite. Jarosite and goethite were found on the surfaces. However,
there was no evidence of gypsum or gelatinous silica acid. Bright yellow
precipitates, possibly elemental sulfur, were observed at pH 1.5 and 2.0.

Table 6
Detected archaeal species from columns at pH 1.5-3.0.
Time (d)
- 246
Archaea from column at pH 1.5
Ferroplasma acidiphilum DR1 (98%, AY222042) ++ +
Archaea from column at pH 2.0
Ferroplasma acidiphilum DR1 (98%, AY222042) ++ +
Uncultured archeon ant b7 (99%, DQ303249, nearest species S S
Thermoplasma acidiphilum DSM 1728 (91%, AL445067)
Archaea from column at pH 2.5
Uncultured archeon ant b7 (99%, DQ303249, nearest species S
Thermoplasma acidiphilum DSM 1728 (91%, AL445067 )
Sulfolobus metallicus DSM 6482 (98%, SM16SRRN1) ++
Archaea from column at pH 3.0
Uncultured archeon ant b7 (99%, DQ303249, nearest species 1FaF
Thermoplasma acidiphilum DSM 1728 (91%, AL445067)
Sulfolobus metallicus DSM 6482 (98%, SM16SRRN1) s
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4. Summary

The effects of pH on bioleaching of a complex sulfide ore
originating from the Sotkamo deposit, Finland were as follows:

1) The sulfuric acid consumption increased with decreasing pH. At pH
1.5 the cumulative sulfuric acid consumption was 160 g kg~ ! ore,
while for pH 2.0 the acid consumption was 38 g kg~ ! ore.

The redox potential (ref. Ag/AgCl) was highest at pH 2 (580 mV)

and lowest at pH 1.5 (515 mV). Low concentrations of Fe(II)

demonstrated the activity of ferrous ion oxidizers at all pH values.

The concentration of Fe(Ill) increased significantly with the

decrease in pH, but at pH 2.5 and 3.0 the total dissolved iron

remained low throughout the experiment due to iron(Ill) oxide
precipitation.

3) The highest bioleaching of base metals were achieved at pH 1.5

where the ferric concentration remained high. After 140 days, 59%

Ni, 52% Zn, 12% Cu and 13% Co were extracted. At pH 2.0 similar

extractions were achieved over 220 days. The rate of bioleaching of

nickel and zinc was 3-4 times faster at pH 1.5 than at pH 3.0.

The lack of dissolved ferric ion and diffusion barriers created by

iron(II) oxide precipitates slowed down metal leaching at pH 2.5

and 3.0.

Dissolution of gangue minerals was significant at pH 1.5 giving

high concentrations of aluminium, manganese and amorphous

silica which have the potential of interfering with liquid flow in
heap leaching and subsequent recovery of base metals.

6) The numbers of microorganism in the leach liquors were 10°-
10® cell mL~! and the total cell counts in the leach residues were
about 108 cells g ore™ ! throughout the pH range. A. ferrooxidans
and L. ferrooxidans were the dominant species throughout the
study.

7) Based on an optimization between the bioleaching of base metals,
acid consumption, the concentration of soluble iron and the
leaching of undesired cations (Si, Al, Ca, Mg and Mn), a leaching
solution of pH 2.0 is recommended for the heap bioleaching
application.
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The effect of low to moderate temperatures (7 to 50 °C) on the bioleaching of a low-grade, multi-metal black schist
ore from Finland in which pentlandite was the main valuable mineral, was studied using columns at set
temperatures. The iron and sulfur-oxidizing microbial culture used were enriched from the ore deposit water
samples. At 7 °Cand 21 °C, the leach liquor redox potential stabilized to 500-600 mV, whereas at 35 °C and at 50 °C
it varied between 300 and 500 mV. Microbial iron oxidation started after a lag phase of 20 days at 7 °C and after
60 days of operation, total iron and Fe,/Fe?*-ratio were higher in the 7 °C column leach liquor than at other

gféffggi;g temperatures. At 50 °C, all dissolved iron remained in ferrous form and did not indicate microbial activity. Highest
Complex schist ore bioleaching recoveries of Ni (26%), Zn (18%) and Co (6%) were obtained after 140 days at 21 °C. At 50 °C,
Pentlandite bioleaching decreased due to the lack of ferric ion. The microbial composition, as measured by Polymerase Chain
Temperature Reaction (PCR)-Denaturing Gradient Gel Electrophoresis (DGGE)-sequencing approach, was affected by

Acidithiobacillus ferrooxidans
Leptospirillum ferrooxidans
Sulfobacillus thermotolerans

temperature. Acidithiobacillus ferrooxidans was the most common species in the leach liquor at 7 °C; while at
35 °C Leptospirillum ferrooxidans dominated and at 50 °C, Sulfobacillus thermotolerans was the most common
organism. Total liquid-phase cell counts were higher at 7 °C than at other temperatures. Thus the boreal ore deposit
enrichment culture was composed of microorganisms capable of being active over a wide temperature range.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Temperature affects the organisms that inhabit the bioleaching
systems. At 40 °C or below, mesophilic Gram-negative bacteria Aci-
dithiobacillus ferrooxidans and Leptospirillum ferrooxidans dominate,
while moderately thermophilic A. caldus and Sulfobacillus thermosulfi-
dooxidans dominate at temperatures around 40-60 °C (Kelly and Wood
2000; Brandl, 2001). Extreme thermophiles, like Sulfolobus metallicus,
grow optimally at temperatures higher than 60 °C (Huber and Stetter,
2001). Moderate thermophiles include archaea and eubacteria, the
majority of which are Gram-positive. Furthermore, archaea prevail at
higher temperatures (up to 90 °C) (Johnson, 1998). In some bioleaching
operations the temperature rise due to the exothermal oxidation
reactions is above the maximum growth temperature of microorgan-
isms. In particular, the oxidation of pyrrhotite in the presence of
moisture and oxygen is characterized by significant heat generation (van
Aswegen et al., 2007). If no thermophilic micro-organisms are present,
high temperatures may be detrimental to the biological process
(Franzmann et al., 2005). Since large temperature gradients can prevail
in heaps, the presence of microorganisms active in a range of different
temperatures is beneficial (Brierley, 2003).

PII of original article: S0304-386X(09)00077-2.
* Corresponding author. Tel. +358 50 346 3935.
E-mail address: anna-kaisa.halinen@tut.fi (A.-K. Halinen).

0304-386X/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.hydromet.2009.04.004

Microbial iron oxidation is one of the key features of bioleaching
(Ahonen and Tuovinen, 1995; Deveci et al., 2004). According to
Dopson et al. (2007) at low temperatures, chemical oxidation of the
sulfide minerals by ferric iron is the rate limiting step in bioleaching
rather than the biological ferrous ion oxidation. Ferric ion easily
hydrolyzes in acidic conditions and forms a variety of precipitates
including hydroxides and hydroxysulfates e.g. schwertmannite [FegOg
(OH)6S04], jarosite [MFe3(SO4)2(OH)g] and goethite (o-FeOOH).
Precipitation may cause diffusion barriers on mineral surfaces and
thereby hinder bioleaching. Temperature significantly affects pre-
cipitation rates. In the study of Wang et al. (2006) two months was
required for jarosite to form at room temperature whereas it took only
7 days at 36 °C. (Daoud and Karamanev, 2005; Wang et al., 2006).

The aim of the present work was to study the effects of
temperature (7-50 °C) on heap bioleaching of a black schist ore
from the Sotkamo deposit, Finland, using bench scale columns and on
understanding the development of corresponding bioleaching com-
munities. In Finland, heaps are subject to extreme climatic conditions
and large temperature variations.

2. Materials and methods
2.1. Column configuration

This study was performed in parallel with the study of Halinen
et al. (2009-this volume) on the effect of pH, except that four columns
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Fig. 1. Leach liquor pH and sulfuric acid consumption during the bioleaching of the ore
at different temperatures.

(100 cm x 10 cm) at different temperatures (7, 21, 35 and 50 °C) were
used with a total volume of 7.9 L. The column at 7 °C was refrigerated,
whilst the columns at 35 °C and 50 °C were water jacketed and
connected to a heating thermostat. A perforated plate and a filter cloth
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were inserted at the bottom of each column. Aeration was provided
through a diffuser inserted at the base of the column and blown at the
rate of (8-11) m®> m~2 h™ . Desired leach liquor pH was 2.5 in all
columns and the ore was irrigated at the rate of 10 Lm~2 h™! by
liquid recirculation. A titration apparatus connected to PC was used to
control the pH. Glass beads with the total bulk-volume of 270 mL were
placed on the upper part of the column to enable even distribution of
the leach liquor. Paraffin paper was set on the top of each column to
prevent evaporation.

2.2. Operation of the bioleaching columns

The sulfide component of the ore was mainly pyrrhotite and pyrite
with minor pentlandite, alabandite (MnS) and chalcopyrite and
contained 0.29% Ni, 0.53% Zn, 0.20% Cu and 0.035% Co. The mineral
composition, agglomeration, inoculation procedure, operation of the
columns and monitoring were as reported in Halinen et al. (2009-this
volume). The short description of operation is given as follows. The
enrichment culture used to inoculate columns was derived from the
acidic water samples from the ore deposit and initially grown on S°,
Fe?* and ore powder at pH 1.8. The inoculum was poured onto the top
of the each column and allowed to percolate through the column. The
solutions were collected at the bottom of the columns and the leach
liquor circulations were started. In addition thermophilic culture VS2
dominated by Sulfolobus spp. (Salo-Zieman et al., 2006) was
inoculated the column at 50 °C on day 65.

The recycle of the leach liquors was initially monitored on a weekly
basis and later every second week for pH, redox (Pt/Ag’/AgCl
reference), dissolved oxygen, ferrous ion and soluble Fe, Zn, Ni, Co
and Cu. The column and leach liquor temperatures, sulfuric acid
consumption and leach liquor pH values were recorded five times per
week. The leach liquors of the columns were sampled once a month to
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Fig. 2. Redox potentials and the concentrations of total dissolved iron and ferrous ion in bioleach liquors at different temperatures.



A.-K. Halinen et al. / Hydrometallurgy 98 (2009) 101-107 103

30

Ni %

10

0 T T
0 50 100 150

Time (d)

0.8 4

0.6 4

Cu %

0.4

0.2 4

0.0 4
0 50 100 150
Time (d)

30

0 T T
0 50 100 150
Time (d)

6 -

Co %

0 T T
0 50 100 150
Time (d)

—=—7°C —+21°C —+35°C

—50°C

Fig. 3. Bioleaching of base metals after 140 days at different temperatures.

estimate the total numbers of micro-organisms and every second
month to characterize the microbial communities.

3. Results and discussion
3.1. H,SO,4 consumption during bioleaching

The acid consumption during bioleaching at the different tem-
peratures was determined for the ore. Leach liquor pH was
continuously titrated and the process was acid-consuming in all
tested temperatures as presented in Fig. 1. After 30 days of bioleaching
the pH remained below 3 at temperatures of 7 °C, 21 °C and 35 °C.
Highest sulfuric acid consumption was 29 g kg~ ' of ore after 140 days
of bioleaching at 50 °C. At temperatures of 7, 21 and 35 °C acid
consumptions were 14, 8 and 13 g kg™~ ! ore, respectively. The effect of
pH on bioleaching the same black schist ore is reported in Halinen
et al. (2009-this volume).

Wakeman et al. (2008) studied the same black schist ore and three
columns filled with 3 kg of ore were set-up and operated as a “plug-
flow”. The pH of leaching solution was adjusted to 2.0 and changed
every third week. Without further acid additions pH dropped to 3.5-
4.0 after 40 weeks of bioleaching.

3.2. Redox potential and the fate of iron

During column leaching, the redox potentials, ferrous and ferric
ion in leach liquors were monitored. At 7 °C and at 21 °C, the leach
liquor redox potential stabilized to 500-600 mV, whereas at 35 °C and
at 50 °C it varied between 300 and 500 mV (Fig. 2). Low redox
conditions reflect a high Fe?*/Fe** ratio (Brierley, 2003). The total
dissolved iron and ferrous ion concentrations at different tempera-
tures are presented in Fig. 2. The redox increase during the first two
months of bioleaching at 7 °C reflected the start of ferrous ion
oxidation and microbial activity. After 60 days of bioleaching, total
iron (700 mg L™ ') and Fe/Fe?" ratio (14:1) were higher in the 7 °C
column leach liquor than at other temperatures. Ferrous ion was
oxidized and ferric ion precipitated in leach liquors at 21 and 35 °C. At

35 °C, ferrous ion concentration was 130 mg L™ ! and Feyy 220 mg L™ !
whilst at 50 °C, all the dissolved iron after 50 days (350 mg L™ ') was in
the ferrous form due to the fast chemical reaction of Fe(Ill) with the
sulfide minerals. Brown precipitates were observed to accumulate on
the surfaces of the ore material in all columns from 7 °C to 50 °C.
Additionally, bright yellow precipitates were formed indicating
elemental sulfur accumulation at 7 °C and 21 °C.

In the study of Dopson et al. (2007) the Fe?" oxidation rates of the
culture derived from column leach liquor at 7 °C were tested over the
temperature range 2-40 °C. Temperature optima of 22.4 °C and 32.4 °C
indicated the presence of both psycho-tolerant and mesophilic
microorganisms. However, only A. ferrooxidans was found from the
column leach liquor in this work (Table 2). Ferric ion precipitation
linearly increased with temperature, the maximum amount at 40 °C.
The decreased Fe>* precipitation at low temperature results in a
greater availability of Fe>™ for the mineral sulfide oxidation and thus
increased rates of metal dissolution (Dopson et al., 2007).

3.3. Bioleaching of valuable metals

The bioleaching of Ni, Cu, Zn and Co was affected by temperature as
presented in Fig. 3. Over the first 90 days bioleaching of nickel was
similar at all temperatures. Following that period the highest
bioleaching of the metals took place at 21 °C and after 140 days,
715mg L~ ' Ni,800mg L~ 'Zn,11 mgL~ ! Cu,and 20 mg L~ ! Co were
leached corresponding to 26% Ni, 18% Zn, 1% Cu, and 6% Co extraction.

Table 1
The average cell counts.
T (°C) Cell count

Leach liquor Leach residue

DAPI MPN-Fe DAPI MPN-Fe
7 3.6x 108 2.2x108 3.9x108 13x10°
21 4.0x107 1.4x 107 23x%10° 6.5x10°
35 7.6x10° 15%10° 11x107 23x108
50 4.3x10° 11x10° 8.7x 108 <1.0x10%
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21°C  35°C 50°C

Fig. 4. Bacterial DGGE profiles of partial 16S rRNA gene fragments retrieved from the
inoculum (Inoc.) of bioleaching columns and the leach liquor of the columns operated
at 7, 21, 35 and 50 °C after 27 days. Std = Standard. Identity of DGGE bands: a) Aci-
dithiobacillus ferrooxidans AP310; b) A. caldus MTH-04; c) A. thiooxidans ORCSS;
d) Leptospirillum ferrooxidans DSM 2705; e) Sulfobacillus thermotolerans KR-1; f) Thio-
monas cuprina DSM 5498; g) Alicyclobacillus tolerans K1.

At 7 °C, the corresponding percentage extractions were 17, 9, 0.4 and
3.4%, respectively. Not surprisingly, the bioleaching of metals
increased when soluble ferric ion was present in the leach liquors.
Hence at 50 °C, the extraction was similar to that at 7 °C (18% Ni, 11%
Zn, 0% Cu and 2% Co) due to the precipitation of dissolved ferric ion
(Fig. 2). At 50 °C bioleaching of Ni, Zn and Co accelerated after
inoculation with Sulfolobus culture on day 65 (Salo-Zieman et al.,
2006), but slowed soon after as the pH increased.

The dissolution of gangue minerals producing aluminium, calcium,
magnesium, manganese and silicon in solution was also measured at
different temperatures during 140 days of bioleaching. Dissolution of
these cations were most significant at 50 °C resulting in 1160 mg L~
Al, 570 mg L™ ' Ca, 240 mg L~ ! Mg, 74 g L~ ! Mn, and 165 mg L™ ! Si
after 140 days. At all temperatures, leach liquors became saturated
with dissolved calcium and manganese during the first 100 days but

Table 2

Detected bacteria from column at 7 °C.

Microorganism days 27 161 302 426 531 Leach

residue

A. ferrooxidans AP310 (99%, DQ35518) SIS S S S s s

A. caldus MTH-04 (96%, AY427958) +

A. thiooxidans ORCS8 (100%, AY830900) ++

Ferrimicrobium acidiphilum T23 APar
(98%, AF 251436)

Gram-positive iron-oxidizing acidophile AFAr

G1 (99%,AY529492)

Table 3
Detected bacteria from column at 21 °C.

Microorganism days 27 161 246 302 426 Leach

residue

A. ferrooxidans AP310 (99%, DQ35518) I A AR ++ + ++
A. caldus MTH-04 (96%, AY427958) +
A. thiooxidans ORCS8 (100%, AY830900) aF
L. ferrooxidans DSM 2705 (98%, X86776) aF
L. ferriphilum D1 (99%, DQ665909)
Alicyclobacillus tolerans K1 (100%, AF137502)
Sulfobacillus thermotolerans KR-1 aF
(99%, DQ124681)
Uncultured bacterium clone QBS9 +4+ +4
(99%, DQ840470), no near known species

+ o+ o+ 4t o+t

+++

the aluminium concentration rose linearly over this period. Tempera-
ture did not significantly affect silicate leaching.

3.4. Total and viable counts

Total cell counts were determined once a month by 4/, 6-diamidino-
2-phenylindole (DAPI) staining and Most Probable Number (MPN)
technique adapted for mesophilic iron oxidizers. Average cell counts are
presented in Table 1. The liquid-phase total counts (108-10° cells mL~ 1)
were significantly higher at 7 °C leach liquor than at other temperatures
(10°-107 cells mL™"). The viable counts of mesophilic iron oxidizers
varied between 10° and 10° cells mL™ ! at 21 °C and 35 °C, while at 7 °C
the count was 108-10° cells mL™ L. At 50 °C the number of mesophilic
iron oxidizers was considerably lower. Overall, as the temperature
increased the total cell counts of the leach residues decreased. In the
study of Wakeman et al. (2008), with the same black schist ore, the total
cell counts present in leach liquors from the column reactors (3 kg
column~"') were around 10°-107 cells mL™ ' at 37 °C.

3.5. Microbial composition by PCR-DGGE

Bacterial 16S rRNA gene fragments obtained by PCR amplification of
DNA extracted from the leach liquor and leach residues communities
were separated by DGGE. Duplicate DGGE profiles of the inoculum
after 27 days of leaching are shown in Fig. 4. Bands excised from the
DGGE gel and the DNA fragments obtained by PCR amplification were
sequenced. The sequence data showed the presence of bacteria in the
inoculum related to A. ferrooxidans AP310 (99% sequence similarity;
accession DQ355183), A. caldus MTH-04 (96%, AY427958), A. thioox-
idans ORCS8 (100%, AY830900), L. ferrooxidans DSM 2705 (98%,
X86776) and Sulfobacillus thermotolerans KR-1 (99%, DQ124681).

During the study, the leaching temperature changed the dom-
inance of liquid-phase microorganisms in the columns as presented in
Tables 2-6— where + corresponds to a weak band on DGGE and ++
corresponds to a strong band on DGGE. At 7 °C A. ferrooxidans,
A. thiooxidans and A. caldus were initially present, whereas L.
ferrooxidans and S. thermotolerans were not observed. After the first
months, A. ferrooxidans was the only species detected at 7 °C. In the
earlier studies, only the activity of Acidithiobacillus-like bacteria has
been observed at low temperatures down to 0 °C (Elberling et al.,
2000; Kupka et al., 2007; Langdahl and Ingvorsen, 1997; Sand et al.,
1992). Finally, after 500 days of leaching, A. ferrooxidans, Gram-

Table 4
Detected bacteria from column at 35 °C.

Microorganism days 27 111 197 302 400 Leach residue

A. ferrooxidans AP310 (99%, DQ35518)  + aF AF=F
A. caldus MTH-04 (96%, AY427958) St

L. ferrooxidans DSM 2705 (98%, X86776) ++ ++ + + aF

L. ferriphilum D1 (99%, DQ665909) T = s
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Table 5
Detected bacteria from column at 50 °C.

246 302 419 Leach
residue

Microorganism days 27 111

A. ferrooxidans AP310 (99%, DQ35518) F +
A. caldus MTH-04 (96%, AY427958) ++
L. ferrooxidans DSM 2705 (98%, X86776) B
Sulfobacillus thermotolerans KR-1 F aF + +
(99%, DQ124681)
L. ferriphilum D1 (99%, DQ665909) + + +
Alicyclobacillus acidocaldarius DSM 455 4F aF
(98%, AB059665)
Thiomonas cuprina DSM 5498 aF
(99%, AB331954)
Alicyclobacillus tolerans K1 (100%, AF137502) F

positive iron-oxidizing acidophile G1-like bacterium (99% AY529492),
nearest known species Alicyclobacillus disulfidooxidans (90%,
AB089843) and Ferromicrobium acidophilum T23 (98%, AF251436)
were found in the leach residue. These species were not detected in
the leach liquor, which may be due to the attachment of most
bioleaching microbes onto the ore particles (Rohwerder et al., 2003).
The role of E acidophilum has been suggested to be the removal of
organic compounds that can be toxic for autotrophic bacteria that are
mainly responsible for leaching reactions (Johnson, 1995).

At room temperature A. ferrooxidans and L. ferrooxidans were the
dominant species throughout the study. In addition to these A. caldus,
A. thiooxidans and S. thermotolerans were detected at the beginning.
During the study, an uncultured bacterium similar to the clone QBS9
from acid mine drainage from the Qibaoshan copper mine (99%,
DQ840470; no nearest known species) was detected in the leach
liquor several times. L. ferriphilum and Alicyclobacillus tolerans K1
(100%, AF137502) were detected in the leach residue in addition to
A. ferrooxidans and L. ferrooxidans. In the study of Hallberg et al.
(2007) at least two strains of A. ferrooxidans were present in the leach
liquor of a 110 ton scale bioleaching column with the same ore. When
the temperature of that column was increased from ~20 to 35 °C, the
relative abundance of A. ferrooxidans-like bacteria decreased while the
abundance of unidentified bacteria (Gram-positive iron-oxidizing
acidophile G1, AY529492) increased. Total cell counts did not change

Table 6
Detected archaeal species from columns at 7-50 °C.
Archaea from column at 7 °C Time (d)
111 246
Ferroplasma acidiphilum DR1 (98%, AY222042) aF
Uncultured archaeon ant b7 (99%, DQ303249, nearest known +4 ++
species Thermoplasma acidiphilum DSM 1728 (91%, AL445067)
Archaea from column at 21 °C Time (d)
111 246
Ferroplasma acidiphilum DR1 (98%, AY222042) F
Uncultured archaeon ant b7 (99%, DQ303249, nearest known ++
species Thermoplasma acidiphilum DSM 1728 (91%, AL445067)
Sulfolobus metallicus DSM 6482 (98%, SM16SRRN1) 4F
Archaea from column at 35 °C Time (d)
111 246
Uncultured archaeon ant b7 (99%, DQ303249, nearest known aF
species Thermoplasma acidiphilum DSM 1728 (91%, AL445067)
Sulfolobus metallicus DSM 6482 (98%, SM16SRRN1) ++ ++
Archaea from column at 50 °C Time (d)
1m 246
Ferroplasma acidiphilum DR1 (98%, AY222042) aF
Uncultured archaeon ant b7 (99%, DQ303249, nearest known ++ ++
species Thermoplasma acidiphilum DSM 1728 (91%, AL445067)
Sulfolobus metallicus DSM 6482 (98%, SM16SRRN1) aF a4

considerably after the temperature change. Gram-positive iron-
oxidizing acidophile G1 was also detected in our study at pH 2.0
from column leach liquor and residue (Halinen et al., 2009-this
volume) and in the study of Wakeman et al. (2008).

At 35 °C, the microbial community included A. ferrooxidans, L.
ferrooxidans as the dominating species. A. caldus was detected at the
beginning and later L. ferriphilum species was present. A. ferrooxidans
and L. ferrooxidans were also found in the leach residue. The growth of
L. ferrooxidans has been reported at temperatures below 45 °C (Coram
and Rawlings, 2002). Furthermore, leptospirilli are rarely detectable at
temperatures below 20 °C (Coram and Rawlings 2002). Unlike with A.
ferrooxidans, the ability of L. ferrooxidans to oxidize ferrous iron is not
inhibited by ferric iron (Rawlings, 2002). In the work on this ore by
Wakeman et al. (2008) using 24 different acidophilic microorganisms
from different sources at 37 °C, A. ferrooxidans dominated the early
phase of the experiment, while L. ferriphilum dominated the microbial
consortium for the greater part of the experiment. L. ferrooxidans and
A. caldus were detected in relatively small proportions. As in our study,
some microorganisms were found in the leach liquor that did not
correspond to any of the microorganisms present in the inoculum.

By contrast, S. thermotolerans was the major species during
leaching at 50 °C, although a PCR product was not gained every
month. S. thermotolerans was also detected in leach residue with L.
ferriphilum. The ability of S. thermotolerans to form endospores would

7°C 21°C 35°C 50°C Sud

Fig. 5. Archaeal DGGE profiles of partial 16S rRNA gene fragments from the leach liquor
of the columns operated at 7, 21, 35 and 50 °C after 110 days. Std = Standard. Identity of
DGGE bands: a) and b) Ferroplasma acidiphilum DR1; c¢) uncultured archaeon clone ant
b7; d) and e) Sulfolobus metallicus DSM 6482.
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be advantageous for survival of bacteria during low temperature
periods in a heap operated in boreal conditions, where high seasonal
variation in temperature occurs. The reported optimum temperature
of S. thermotolerans is 40 °C and growth range 20-60 °C (Bogdanova
et al., 2006). A. tolerans K1 (100%, AF137502) and Thiomonas cuprina
DSM 5498 (99%, AB331954) were also detected at 50 °C after a month,
although the DGGE bands were weak. A bacterium related to
thermoacidophilic Gram-positive Alicyclobacillus acidocaldarius
DSM 455 (98%, AB059665) (previously Bacillus acidocaldarius,
Wisotzkey et al., 1992) was also detected at the beginning.

A. acidocaldarius has been reported to grow at temperatures from
45-70 °C, with an optimum of 60-65 °C and in a quite wide pH range
from 2 to 6 (optimum pH 3-4) (Darland and Brock, 1971). A. caldus
has been found to dominate at temperatures around 50 °C (Norris
etal.,, 1996), but it was detected in leach liquor only at the beginning of
the experiment. After re-inoculating with Sulfolobus dominated
culture on a day 65, the leaching activity at 50 °C accelerated, but
decreased soon as did the cell counts.

Archaea were analyzed two times during bioleaching as presented
in Table 5. Fig. 5 presents the first archaeal DGGE after 111 d of
bioleaching. Besides the uncultured archaeon clone ant b7 (99%,
DQ303249, nearest known species Thermoplasma acidiphilum, 91%,
AL445067), the species Ferroplasma acidiphilum DR1 (98%, AY222042)
was found at all temperatures. S. metallicus - a related species - was
surprisingly found in column leach liquor at 21 °C. Sulfolobus species
have been reported earlier to grow at higher temperatures. Salo-
Zieman et al. (2006) reported the growth range to be 34-76 °C for their
strain of Sulfolobus whilst Plumb et al. (2002) and Zillig et al. (1980)
have reported growth at temperatures ranging from 50 to 90 °C.

The absence of sulfur-oxidizing bacteria, mainly A. caldus and A.
thiooxidans, could explain the continuous acid-consumption as
Wakeman et al. (2008) suggested. The conditions in the bioheaps
are never completely uniform and large temperature gradients may
prevail. Therefore different microorganisms with different optimum
temperatures were beneficial. In heap bioleaching applications the
control of microorganisms is usually not worthwhile to try as it is
an open environment. Adaptation of certain individual strains has
been shown possible, but no large differences can be attained. Mixed
cultures from native conditions tend to give better mineral leaching
results than pure cultures (Brierley, 2001).

In summary, the microbial enrichment culture and the possible
microorganisms from the ore from boreal minesite samples contained
a wide variety of microorganisms ranging from psychrotrophs to
thermophiles.

4. Conclusions

In the present work the effect of temperature (7 to 50 °C) on
bioleaching of a low-grade, multi-metal black schist ore was studied
containing mainly pyrrhotite and pyrite together with minor
pentlandite and chalcopyrite originating from the Sotkamo deposit,
Finland. The following conclusions can be drawn:

1) The redox potential during bioleaching was highest (500-600 mV)
at 21 °C and lowest at 50 °C where ferrous ion predominated. At
7 °C, the redox increases with time reflecting ferrous ion oxidation
is faster than ferric ion leaching.

2) The acid consumption was lowest at 21 °C where significant Fe(III)
is precipitated and highest at 50 °C.

3) Highest bioleaching was obtained at 21 °C after 140 days with 26%

Ni extracted together with 18% Zn, 1% Cu and 6% Co.

Dissolution of non-valuable metals was considerable at 50 °C

resultingin 1160 mg L~ ' AL, 570 mg L~ ' Ca, 240 mg L~ ' Mg, 7.4 g

L~ ! Mn, and 165 mg L™ Si after 140 days.

5) The lack of ferric ion, or presence of iron oxide precipitates,
appears to hinder the bioleaching of base metals at 50 °C.

4

~—

6) The microbial composition and dynamics in the columns were
affected by temperature. The cell counts (103-10° cells mL™ 1)
were significantly higher at 7 °C in the leach liquor than at other
temperatures (106-107 cells mL™1).

7) The dominant species were A. ferrooxidans, A. ferrooxidans and
L. ferrooxidans, L. ferrooxidans and S. thermotolerans at correspond-
ing temperatures of 7, 21, 35 and 50 °C. In heap bioleaching
applications, large temperature gradients are likely resulting in
corresponding microbial activities at different parts of the heap.
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In the present work the microbial community of a low grade nickel ore demonstration-scale bioheap was
examined under varying weather (outside air temperature between +30 and —39 °C) and operational
conditions over a period of three years in Talvivaara, Finland. After the start-up of heap irrigation, oxidation
of pyrrhotite and pyrite increased the heap temperature up to 90 °C. Leach liquor temperatures varied
between 60 and 15 °C over the operation period, affecting the progress of sulfide ore oxidation.

The microbial communities were profiled by polymerase chain reaction (PCR) — denaturing gradient gel
electrophoresis (DGGE) followed by partial sequencing of 16S rRNA gene. Large temperature gradients
prevailed resulting in the simultaneous presence of active mesophilic and thermophilic iron- and/or
sulfur-oxidisers in the heap. As mineral oxidation progressed microbial diversity decreased and
Acidithiobacillus ferrooxidans became increasingly dominant. The number of bacteria in the leach liquors
was in the range of 10°-107cells mL™'. After one year of bioheap operation several ore samples were
drilled from the heap and A. ferrooxidans, Acidithiobacillus caldus, an uncultured bacterium clone H70 related
organism, Ferrimicrobium acidiphilum and a bacterium related to Sulfobacillus thermosulfidooxidans were
found. Cell counts from the ore samples varied between 10° and 107 cells g~ ! ore sample. The archaeal species
present in leach liquors were novel and related to uncultivated species. During the secondary leaching phase
the leaching community remained steady. A. ferrooxidans dominated, and an uncultured bacterium clone H70-
related organism and Leptospirillum ferrooxidans were present.
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1. Introduction oxidation and dissolution of valuable metals. As sulfuric acid is produced

by the oxidation of sulfur, these organisms generate an acidic growth en-

Heap bioleaching of low-grade sulfide ores has become an important
process for metal recovery (for reviews, see: Rawlings, 2002; Watling,
2008). During the last twenty years the process has been optimized suc-
cessfully including ore crushing, agglomeration, aeration, leach liquor dis-
tribution and stacking stages (Brierley and Brierley, 2001). Leach liquor
pH can be adjusted before irrigation. Temperatures are affected by the
composition and concentration of the sulfidic minerals because of exo-
thermic oxidation reactions. Aeration and irrigation rates affect evapora-
tion and heat dissipation (Ehrlich, 2001; Rawlings, 2002; Watling, 2006).

Microorganisms present in bioheaps are mainly ferrous iron- and
sulfur-oxidizing chemolithotrophs, although some heterotrophs have
been reported (Hallberg and Johnson, 2001). The regeneration of ferric
iron (Fe>") and proton release (H™) are essential for metal sulfide

* Corresponding author. Tel.: +358 50 346 3935.
E-mail address: anna-kaisa.halinen@tut.fi (A-K. Halinen).
1 Present address: Division of Microbial Sciences, University of Surrey, Guildford,
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6014, Australia.

0304-386X/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.hydromet.2012.05.001

vironment. Many of the chemolithotrophic acidophiles are sensitive to or-
ganic matter and thus heterotrophic acidophiles detoxify the bioleaching
environment. A small fraction of the bioleaching microorganisms is found
in the leach liquor, while most of the microorganisms adhere to the min-
eral surfaces (Rohwerder et al,, 2003; Crundwell, 1996). Studies of micro-
bial communities inhabiting commercial reactor based, bioleaching
processes have been successfully carried out in recent years (Pradhan et
al,, 2008). However, microorganisms inhabiting industrial bioheaps and
dumps have gained less attention (Demergasso et al., 2005).

The aim of the present work was to study the microbial community
structures and their dynamics during a demonstration-scale complex
sulfide ore (17 000 tons) bioheap leaching operation. Spatial and tempo-
ral changes in microbial communities were monitored and included
strong fluctuations.

1.1. Talvivaara ore deposit

Talvivaara complex multi-metal black schist ore deposit is located
in central-eastern Finland with 1550 million tons of classified
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Heap 1 Heap 2
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Manhole 1 Q Q Manhole 2

Irrigation 1 Irrigation 2

Fig. 1. Diagram of the sampling points of the Talvivaara bioheaps with the direction of
the liquid flow marked with arrows. Each heap had its own liquid circulation. The
amount of the ore of Heap 1 was 10 255 tons and for Heap 26 703 tons, respectively.

resources (Talvivaara, 2012). The mineral composition of the
sulfides used in the demonstration-scale bioheaps was 61.2%
pyrrhotite [(Fe; _4)(S;), where X=0.7-0.9], 24.3% pyrite (FeS),
5% pentlandite [(Fe,Ni,Co)oSg], 6.5% alabandite (MnS), 2.4% chal-
copyrite (CuFeS,) and 1% sphalerite [(Zn,Fe)S]. Valuable metal
contents were as follows: 0.27% Ni, 0.56% Zn, 0.14% Cu and 0.02% Co
(for detailed description see Riekkola-Vanhanen, 2007). Prior to the
bioheap demonstration, laboratory scale studies had demonstrated
the amenability of Talvivaara ore to bioleaching (e.g. Puhakka and
Tuovinen, 1986a, b, c; Riekkola-Vanhanen and Heimala, 1999;
Wakeman et al., 2008; Halinen et al., 20093, b). After a year of bio-
leaching 65% of nickel and 60% of zinc were leached. After 48 months,
99% of nickel and zinc were leached.

2. Materials and methods
2.1. Design and start-up of the demonstration heaps

During summer 2005, a 17 000 ton demonstration plant was
constructed at the Talvivaara mine site (Fig. 1). A representative
ore sample was mined, crushed to 80% —8 mm, agglomerated and
stacked in a two-part heap (8 m high, 30x120 m). Heap 1 was
agglomerated with sulfuric acid solution (pH 1.8) including inocu-
lum (described below). Heap 2 was agglomerated with sulfuric
acid solution only. Irrigation of the heaps was started in August
2005. The irrigation flow rate was at the beginning 100Lm~2h™!
on Heap 1 and 20Lm~2h~"! on Heap 2. It was decreased later to
5Lm~2h~"! on both heaps.

Leach liquors were collected by subsurface drains below the
heaps and directed to manholes. From the manholes liquors flowed
to pregnant leach solution (PLS) ponds and back to irrigation
(Fig. 1). The operational volumes of ponds 1 and 2 were 175 m>
and 136 m>, respectively. Ten percent side stream was removed
continuously for metal recovery and replaced with well water.
After the start-up of irrigation, the oxidation of pyrrhotite and pyrite

Primary heap construction MHI, MH2, P1, P2

MH1, MH2, IR1, IR2

increased the heap temperature up to 90 °C. Leach liquor tempera-
tures remained always at above 15 °C over the operation period,
even during the boreal winter.

2.2. Inoculation of Heap 1

The iron and sulfur-oxidizing enrichment culture was originally
enriched from mine site water samples on Fe? ™, S° and Talvivaara
ore powder at pH 1.8 (Halinen et al., 2009a). The enrichment culture
was grown in laboratory to the volume of 4.5 m> (Geological Survey
of Finland (GTK), Outokumpu). It was transported to the mine site
and pumped into a microbial pond (MP) with initial water volume
of 40 m>. Most of the water used originated from on-site drilled
well (temperature 5 °C). Liquid pH in the pond was adjusted to 1.8
with sulfuric acid and pulp concentration (wv~!) was set to 1%
prior to inoculation. After the inoculation ammonium sulfate concen-
tration was increased stepwise to 0.4 g L~ ! using 25% (v v~ 1) stock
solution and 500 kg of elemental sulfur was added. No liquid heating
or cover was used. The volume of 40 m® was increased to 150 m>
with well water. Inoculation of Heap 1 was accomplished during ag-
glomeration and by irrigating the heap by acidic microbial solution,
total inoculum volume being 99 m>. Heap 2 was not inoculated.

2.3. Secondary bioheaps

On February 2007 after 18 months of operation, the heaps were
reclaimed and restacked to the secondary bioheap. Irrigation rate
was 2L m~2h~". No aeration was provided. Bioleaching of copper
and cobalt was continued (data not shown). Minor amounts of nickel
and zinc were bioleached, probably from the parts that were not
reached during the primary phase.

2.4. Sampling

First samples for microbiological analyses were taken from the
microbial pond (MP), where the inoculum was grown, and from
the manholes (MH 1 and 2) that collected the irrigation and rain
water that percolated trough the heaps. Next samples were taken
after 3 months of bioleaching. Samples (50 mL) from manholes
and ponds (P 1 and 2) were collected thereafter every month. In
July 2006 pond samples were changed to irrigation samples (IR 1
and 2). Sampling was continued when primary bioheaps were
reclaimed to the secondary bioheaps. Fig. 1 shows the sampling points
and the sampling and analysis program was as presented in Fig. 2.

2.5. Cell counts

Total cell counts were estimated from the samples with 4/,
6-diamidino-2-phenylindole (DAPI) staining technique using epi-
fluorescence microscopy. Microbes were detached from the ore sam-
ples according to methods described in Halinen et al. (2009a). 15 ¢g
of the ore sample was mixed with 40 mL of sterile Zwittergent-
washing solution (0.38gL™ ! ethylene glycol tetraacetic acid,
3.35"4g L~ ! Zwittergent, 3.73 gL~ KCl, pH adjusted to 2.5 with
2 M HCI). The mixture was shaken and sonicated 5x 1 min in order
to detach microorganisms from ore particles. Thereafter, the sample
was allowed to settle for about 30 min to prevent the small ore

Heaps are reclaimed to End of phase two

November 2008

August 2005 12/2005-6/2006 8/2006, 11/2006-1/2007 secondary bioheaps 2/2007
| | | | | |
| [ | [ I |
9/2005 12/2005, 1/2006 8/2006 2,4,6,7, 10 and 12/2007
MP, MH1, MH2 +Archaea +Ore samples Samples from the secondary bioheaps

MHI, MH2, IR1, IR2

Fig. 2. Timescale of sampling. MP = microbial pond, MH1 = manhole 1, MH2 = manhole 2, P1 = pond 1, P2 = pond 2, IR1 = irrigation 1, [R2 = irrigation 2.



36 A-K. Halinen et al. / Hydrometallurgy 125-126 (2012) 34-41

1,0E+08

PRIMARY HEAPS

1,0E+07 A

1,0E+06 +
SECONDARY HEAPS

Total cell count
(cells ml™!)

1,0E+05 —A— MHI

——P1

—0—MH2
—4—P2
—*—IR2

——IRI1

1,0E-+04 A—————————

SOLLLLL LS P IR SR

O W o N e 2 RGN
Date

Fig. 3. The cell counts (DAPI) from leach liquors during the bioleaching. MH1 = man-
hole 1, MH2 = manhole 2, P1 = pond 1, P2 = pond 2, IR1 = irrigation 1, IR2 = irriga-
tion 2.

particles from interfering with DAPI staining. Microbial numbers were
counted from supernatant to account for attached cells.

2.6. Microbial community analyses

The microbial communities were investigated during the bio-
leaching from the leach liquors. Samples were sent to Tampere Uni-
versity of Technology and 15 mL duplicates of every sample were
filtered on a 0.2 um pore size polycarbonate filter prior to concentrat-
ing the microorganisms for DNA extraction (Cyclopore Track Etched
Membrane, Whatman). The filters were rinsed with 5 mL of 0.9%
(wtvol™ ') NaCl at pH 1.8 for 1 min to remove the excess metals
and then neutralized with 5 mL of 40 mM Na-EDTA in phosphate
buffered saline (PBS; 130 mM NaCl, 5mM Na,HPO,4, and 5 mM
NaH,P0, adjusted to pH 7.2) for 1 min. The filters were stored at
—20 °C prior to nucleic acid extraction. The microbial communities
were investigated by polymerase chain reaction (PCR) — denaturing

MP MHI MH2 MHI MH2 Pl P2 MHI MH2a Pl P2

std 9/05 9/05 9/05 12/05 12/05 12/05 12/05 1/06 1/06 1/06 1/06 std

Fig. 4. Bacterial DGGE profiles of partial 16S rRNA gene fragments retrieved from leach
liquors after 4 months of bioleaching. Samples were from microbial pond (MP), man-
hole 1 (MH1), manhole 2 (MH2), pond 1 (P1), pond 2 (P2). Identity of DGGE bands:
a) and c) Acidithiobacillus ferrooxidans, b) A. caldus, d) A. thiooxidans, e) Leptospirillum
ferrooxidans, f) Thiomonas arsenivorans, g) Alicyclobacillus acidocaldarius, h) and
m) Alicyclobacillus tolerans i), Ferrimicrobium acidiphilum, j and k) Sulfobacillus
thermosulfidooxidans, 1) A. caldus, n) an uncultured Firmicutes bacterium clone H70 re-
lated bacterium that is related to Moorella sp. Please see Table 1 that presents the per-
centages of 16S rRNA gene similarities and data base designations.

gradient gel electrophoresis (DGGE) followed by partial sequencing
of 16S rRNA gene as described previously (Halinen et al., 2009a).

In October 2006 several ore samples were obtained by drilling
from the heaps. The first samples were drilled from a part of Heap 1
where the temperature was 80-90 °C at the depths of 1-2 m and
3-4 m. Next samples were taken from Heap 1, from the depth of
1-2 m and 4-5 m in area where the temperature was 65-75 °C. Last
samples were drilled from Heap 2 from area where the temperature
was 20-35 °C, from the depth of 0-1 m and 4-5 m (Fig. 5). Character-
istic leach liquor at the time when ore samples were drilled from
Heap 1 (PLS1) were as follows: temperature (T) 46.5 °C, dissolved ox-
ygen (DO) 2.2 mg L~ !, pH 2.75, redox 331 mV (Pt electrode against
an Ag®AgCl reference), soluble Fe?™ 12.6gL~"', soluble Fey
13.7gL™" and from the Heap 2: T 35.1°C, DO 2.1 2mgL~!, pH
2.67, redox 392 mV, soluble Fe?* 6.2 g L1, soluble Fe,,; 7.4 g L™ ".

3. Results and discussion
3.1. Bioleach conditions in heaps

Ferrous iron concentrations were high during the first half year of
bioleaching, being mainly between 20 and 35 g L~ ! and between 10
and 20 g~ ' L™ !in Heaps 1 and 2, respectively. After 6 months ferrous
iron concentrations started to decrease steadily, being between 10
and 20 g~ 'L~ in both heaps. Ferric iron concentration remained
low in both heaps (data not shown). Leach liquor pH values of both
heaps were quite similar varying during the 10 months between 3.5
and 3.0 and after that between 3.0 and 2.5. The pH was maintained
by continuous adjustment by dosing sulfuric acid. Redox potentials
varied between 200 and 400 mV in both heaps increasing toward
400 mV as leaching progressed. At the beginning (autumn 2005)
leach liquor temperatures were between 25 and 55°C in both
heaps. During the first year, temperatures varied between 20 and
50 °C in Heap 1 and between 20 and 40 °C in Heap 2. In the second
winter leach liquor temperatures were between 20 and 40 °C in
Heap 1 and between 15 and 25 °C in Heap 2. Temperatures inside
the heaps varied greatly, being between 15 and 90 °C during the
first year. In the second winter temperatures inside the heaps started
to drop being still 80 °C in the hottest zone.

3.2. Cell counts

Total cell counts (DAPI staining) in leach liquors from the primary
and secondary phase were as presented in Fig. 3. Liquid volumes

Sample 1 Sample 3 Sample 5
7.75E+05 2.49E+06 1.82E+07
T=80-90 °C T=65-75 °C T=20-35°C
depth 1-2m depth 1-2m depth 0-1 m
Il
Heap 1 Heap 2
8m
< \ 120 m >
Sample 2 Sample 4 Sample 6
9.13E+06 1.48E+06 9.74E+06
T=80-90 °C T=65-75°C T=20-35°C
depth 3-4 m depth 4-5m depth 4-5m

Fig. 5. The average cell counts from the drilled ore samples from Talvivaara bioheaps.
The locations and temperatures of the sample sites are shown in a side view of the
heaps.



Table 1

Bacteria present in demonstration-scale bioheaps for complex sulfide ore during the primary leaching phase. MP = microbial pond, MH1 = manhole 1, MH2 = manhole 2, P1 = pond 1, P2 = pond 2, IR1 = irrigation line 1, IR2 = irrigation
line 2. + corresponds weak band on DGGE and ++ corresponds strong band on DGGE, empty cell = not detected.

Date Time Sample\ Acidithiobacillus  A. caldus A. thiooxidans Sulfobacillus Bacterium Leptospirillum Alicyclobacillus Alicyclobacillus tolerans  Ferrimicrobium
(months)  species  ferrooxidans MTH-04 ORCS8 thermosulfidooxidans  related to ferrooxidans acidocaldarius (100%, AF137502) acidiphilum T23

AP310 (99%, (99-96%, (100%, N19-50-01 clone H70 DSM 2705 (99%, AB059665) (100%, AF251436)
DQ355183) AY427958)  AY830900) (100%, EU499919) (91%,DQ328625)  (98% X86776)

8/2005 0 MP ++ + ++ + ++ ++ +

9/2005 1 MH 1 + + +

12/2005 4

1/2006 5 + + ++

2/2006 6 + + + +

3/2006 7 + +

4/2006 8 ++ +

5/2006 9 ++ + +

6/2006 10 ++ + +

8/2006 12 + + +

11/2006 15 ++ + + ++

12/2006 16 ++ ++ +

1/2007 17 ++ ++ +

9/2005 1 MH 2 ++ + ++ +

12/2005 4 + + ++ +

1/2006 5 ++ ++ +

2/2006 6 ++ ++ ++ ++

3/2006 7 +

4/2006 8 ++ +

5/2006 9 ++ + +

6/2006 10 ++ + ++

8/2006 12 ++ +

11/2006 15 ++ + +

12/2006 16 ++ ++ +

1/2007 17 ++ + +

12/2005 4 P1 + + ++ +

1/2006 5 + + +

2/2006 6 + +

3/2006 7 ++ + +

4/2006 8 ++ + +

5/2006 9 ++ + ++

6/2007 10 ++ + ++

12/2005 4 P2 ++ + ++ ++ +

1/2006 5 ++ ++ ++

2/2006 6 ++ ++ + ++

3/2006 7 +

4/2006 8 ++ + +

5/2006 9 ++ + +

6/2007 10 ++ + +

8/2006 12 IR1 + +

11/2006 15 ++ + ++ +

12/2006 16 ++ ++ +

1/2007 17 ++ + ++ +

8/2006 12 IR2 +

11/2006 15 ++ ++ +

12/2006 16 ++ + + +

1/2007 17 ++ + ++ +
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Table 2

Archaea present in demonstration-scale bioheaps for complex sulfide ore during the primary leaching phase. MH1 = manhole 1, MH2 = manhole 2, P1 = pond 1, P2 = pond 2. +
corresponds weak band on DGGE and ++ corresponds strong band on DGGE, empty cell = not detected.

Date Time (months) Species\sample Uncultured crenarchaeote Thermoplasma acidiphilum Uncultured archaeon SAGMA-X
clone JG36-GR-88 (100%, A]535129) strain 122-1B2 (93%, NR_028235) (99%, AB050229)

12/2005 4 MH1

1/2006 5 ++

12/2005 4 MH2

1/2006 5 ++

12/2005 4 P1 ++ ++

1/2006 5 ++ ++

12/2005 4 P2 ++

1/2006 5 ++

increased drastically during the first four months resulting in dilution
of leach liquors. During the primary phase cell counts were higher in
Heap 2 leach liquors than in Heap 1 even though Heap 2 was not in-
oculated. The high ferrous iron concentrations in Heap 1 may have af-
fected the growth of microorganisms.

At the end of the primary bioleach phase, cell counts were quite
similar in all samples being between 3.2x10°mL~' and 7.2x
10%cellsmL~'. Cell counts increased most in manhole 1 being
1.5x10°mL™" at the beginning and 5.2x10%cellsmL™! in the
end on primary phase. In the secondary phase, cell counts varied be-
tween 1.8x10% and 6.0x 107 cells mL™", being higher than in pri-
mary phase, likely resulting from the stabilized growth conditions.
All cell counts decreased toward the end of the secondary phase.
After restacking of the ore, the oxygen supply likely improved and de-
creased again toward the end.

The total cell count in the drilled ore samples averaged
108cells ore g~ !. Highest cell counts (1.8x107celloreg™') were
detected from Heap 2 near the surface where the temperature varied
between 20 and 35 °C (Fig. 5). A rough estimate based on liquid and
solid sample analysis and associated volumes gives a total of 2x 10'°
cells in the heap, while the liquid phase estimate is 3x 10 cells. This
shows that more than 98% microorganisms were attached.

Table 3

3.3. Microbial community characteristics

3.3.1. Start-up phase

Duplicate DGGE profiles after 4 months of bioleaching were as shown
in Fig. 4. The enrichment culture used in Heap 1 inoculation contained
Acidithiobacillus ferrooxidans (99% 16S rRNA gene sequence similarity),
Acidithiobacillus thiooxidans (100%), Leptospirillum. ferrooxidans (98%),
Sulfobacillus thermotolerans (99%) and a species related to Acidithiobacillus
caldus (96%) (Halinen et al., 2009a). When the inoculums was grown
in the microbial pond (MP) A. ferrooxidans (100%), A. caldus (99%), A.
thiooxidans (100%), L. ferrooxidans (98%), Alicyclobacillus acidocaldarius
(99%), Alicyclobacillus tolerans (100%) and Ferrimicrobium acidiphilum
(100%) were present. Several acidophilic microorganisms were also
detected at the beginning from the manhole samples. A. ferrooxidans
(99%), A. caldus (96%), A. acidocaldarius (99%), Thiomonas arsenivorans
(100%) and S. thermosulfidooxidans (100%) were present (Fig. 4). During
the first six months the microbial communities of the leach liquors were
diverse and dominated by A. ferrooxidans (99%). S. thermosulfidooxidans
(100%) and a bacterium related to Firmicutes clone H70 (91%) were also
detected frequently. The DGGE band of the novel bacterium related to
clone H70 was cut out, DNA isolated, PCR amplified and sequenced
and submitted to GenBank (accession JQ941953).

Bacteria present in demonstration-scale bioheaps for complex sulfide ore during the secondary leaching phase. MH1 = manhole 1, MH2 = manhole 2, IR1 = irrigation line 1, IR2 =
irrigation line 2. + corresponds weak band on DGGE and + + corresponds strong band on DGGE, empty cell = not detected.

Date Time (months) Sample\species Acidithiobacillus ferrooxidans Bacterium related to clone Leptospirillum ferrooxidans
AP310 (100%, DQ355183) H70 (91%, DQ328625) DSM 2705 (100%, X86776)

2/2007 0 MH1 ++ ++ +

4/2007 2 ++ ++

6/2007 4 ++ ++ +

7/2007 5 ++ ++

10/2007 8 ++ ++ +

12/2007 9 ++ ++

2/2007 0 MH2 ++ ++ +

4/2007 2 ++ ++ +

6/2007 4 ++ ++ +

7/2007 5 ++ ++

10/2007 8 ++ ++ +

12/2007 9 ++ ++ ++

2/2007 0 IR1 ++ + +

4/2007 2 ++ +

6/2007 4 ++ ++ +

7/2007 5 ++ +

10/2007 8 ++ +

12/2007 9 ++ + ++

2/2007 0 IR2 ++ ++ +

4/2007 2 ++

6/2007 4 ++ ++ +

7/2007 5 ++ + +

10/2007 8 ++ +

12/2007 9 ++ + +
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3.3.2. Temporal dynamics of microbial communities

The bacterial community composition was monitored over time
from manholes (MH) and ponds (P) that collected the leach liquor.
Bacterial species detected throughout the primary leaching phase
were as presented in Table 1. After 6 months of bioheap operation
L. ferrooxidans (100%) was first observed and it was present thereaf-
ter in nearly all samples. The microbial diversity in both heaps varied
and decreased with time, with A. ferrooxidans remaining as the dom-
inant bacterium and the bacterium related to clone H70 (91%) being
present.

Archaea were analyzed after 133 and 163 days of bioleaching from
leach liquors of primary heaps and three uncultured species were
found (Table 2). One species was related to an uncultured Crenarchaeote
(100%) retrieved from uranium mining waste from the pond 1 on both
days. From the same sample a species related to other uncultured
archaeon SAGMA-X (99%), also found in deep South African gold
mines, was detected. This species is a crenarchaeotic phylotype (Takai
et al., 2001). In Pond 2 on day 133 one species related to a clone with
the nearest known species of Thermoplasma acidophilum (93%) was
detected. This species was also present on day 163 from samples
MH1, MH2 and P2.

At the secondary leaching phase the leaching community
remained steady. A. ferrooxidans dominated and the bacterium related
to clone H70 and L. ferrooxidans were present (Table 3).

3.3.3. Microbial communities on mineral surfaces

Several ore samples were drilled from the primary bioheaps in Oc-
tober 2006 and their microbial communities were as shown in
Table 4. A. ferrooxidans (99%) was present in nearly all samples. The
bacterium related to clone H70 (90%) and A. caldus was detected
from the areas of wide temperature variation. S. thermosulfidooxidans
(99%) was found from the high temperature zones of the heap.
F. acidiphilum (99%) was present in the areas where temperature
varied between 20 and 35 °C.

3.3.4. Mesophiles present in demonstration scale bioheaps
Temperatures of the leach liquors were mainly between 20 and
50 °C. Microorganisms were therefore mainly mesophilic and moder-
ately thermophilic. Genus Acidithiobacillus (formerly Thiobacillus) in-
cludes e.g., A. ferrooxidans, A. thiooxidans and A. caldus that were
detected at the primary phase. A. ferrooxidans was the dominating
micro-organisms during the operation time. A. ferrooxidans grows op-
timally at 30-35 °C and at temperature range of 10-37 °C (Kelly and

Table 4

Bacteria present in the drilled ore samples from the demonstration-scale bioheaps for
complex sulfide ore during the primary leaching phase. First sample was drilled in a
part of the Heap 1 where temperature was 80-90 °C in the depth of 1-2 m. Second
was taken in the same place in the depth of 4-5 m. Next samples were taken from
Heap 1 in the area where temperature was 65-75 °C. Last samples were drilled from
the Heap 2 from the area were temperature was 20-35 °C in the depths of 0-1 m
and 4-5 m, respectively.

Species\sample 80-90 °C 65-75 °C 20-35°C
1- 3- 1- 4- 0- 4-
2m 4m 2m 5m 1m 5m
Acidithiobacillus ferrooxidans + + + + +
AP310 (99%, DQ355183)

A. caldus related bacterium + +
(95%, AY427958)

Bacterium related to clone H70  + + + +
(90%, DQ328625)

Sulfobacillus thermosulfidooxidans + + + +
strain YN22 (99%, DQ650351)

Ferrimicrobium acidiphilum T23 + +

(99%, AF251436)

Wood, 2000). A. ferrooxidans was also detected from the ore samples
from the high temperature area (80-90 °C), even though the temper-
ature greatly exceeded their growth temperature. A. ferrooxidans is
able to oxidize reduced inorganic sulfur compounds (RISCs), ferrous
iron molecular hydrogen, formic acid and some other metal ions
(Rohwerder et al., 2003). It can also grow anaerobically with H, or
SY as an electron donor and S° or Fe>" as an electron acceptor
(Ohmura et al., 2002).

A. thiooxidans grows in a temperature range of 10-37 °C and has
optimum temperature at 28-30 °C. A. caldus has a growth rate that
exceeds that of A. thiooxidans at temperatures over 30 °C (Norris et
al., 1986). It has been reported as the dominant sulfur-oxidizing bac-
terium in bioleaching reactors at temperatures between 40 and 50 °C
(Dopson and Lindstrém, 1999; Okibe et al., 2003). A. caldus has a
growth temperature range of 32-52 °C and optimum temperature of
45 °C (Kelly and Wood, 2000). A. thiooxidans and A. caldus that are in-
capable of pyrite degradation utilize the sulfide moiety of the mineral
when it is first released by the action of iron-oxidizing bacteria like
A. ferrooxidans.

L. ferrooxidans was detected in leach liquors for the first time after
6 months of bioleaching even though it was present in the inoculum.
Competition between A. ferrooxidans and Leptospirillum species has
been reviewed (Rawlings et al., 1999; Coram and Rawlings, 2002).
Leptospirillum species dominate in environments with greater con-
centrations of ferric iron. The environments classified by high ferrous
iron concentration (>5gL™!) seem to select for A. ferrooxidans
(Pizarro et al., 1996). A. ferrooxidans and Sulfobacillus spp. are able
to oxidize both ferrous iron and RISCs and might exploit the leaching
environment more effectively than A. caldus or L. ferrooxidans that are
specialized to oxidize iron or sulfur oxidizers. However, growth
ranges and other factors may have overriding effects. The growth
temperature range of L. ferrooxidans is wider (<10-45 °C) compared
to that of A. ferrooxidans (Johnson, 2001).

Other mesophiles detected were F. acidiphilum and Thiobacillus
arsenivorans. F. acidiphilum has been found in several acidophilic
environments (Johnson et al., 2009). It is mesophilic iron-oxidizing
obligate heterotroph and grows below 37 °C with the optimum pH
2. T. arsenivorans has been originally isolated from a disused mine
site by growth using arsenite [As(Ill)] as energy source. Optimum
growth occurred at temperatures between 20 and 30 °C, and at pH
between 4.0 and 7.5 (Battaglia-Brunet et al., 2006).

3.3.5. Thermophiles present in demonstration scale bioheaps

At the beginning of bioleaching, temperatures of the Talvivaara
demonstration-scale heaps were high and thermophilic and
thermotolerant microorganisms were present in leach liquors.
S. thermosulfidooxidans was detected from leach liquors several
times during the first six months of bioleaching. It was also present
in ore samples where temperatures were between 65 °C and 90 °C.
The genus Sulfobacillus includes Gram-positive rods that obtain en-
ergy by oxidizing both ferrous iron and elemental sulfur (Norris
et al.,, 1996). S. thermosulfidooxidans grows optimally at 50 °C and
at pH 1.9-2.4 (Brandl, 2001; Robbins, 2000). The optimum temper-
ature of S. thermotolerans is 40 °C and growth range 20-60 °C
(Bogdanova et al., 2006). The ability to form endospores is advanta-
geous for survival of bacteria during low temperature periods in a
heap operated in boreal conditions, where high seasonal variation
in temperature occurs. Sulfobacillus species and their occurrence
in acidic and bioleaching environments have been reviewed by
Watling et al. (2008).

The genus Alicyclobacillus was also detected at the beginning of
the bioleaching. It was reclassified from genus Bacillus by Wisotzkey
et al. (1992). They are heterotrophic, aerobic or facultative aerobic,
gram-positive or gram variable, spore-forming bacteria and grow at
temperatures between 25 and 70 °C and pH values of 2.5 to 6.0.
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The novel bacterium that was related to uncultured Firmicutes
clone H70 (91%) was present during the whole bioleaching time, ex-
cept in the enrichment culture. Clone H70 was detected in acidic hot
springs (T=>55 °C) in North America (Wilson et al., 2008).

The use of extremely thermophilic archaea (e.g., Sulfolobus and
Acidianus) in bioleaching processes is getting more attention. The
role of archaea in the biomining community has been considered to
rather scavenge the organic material than leach minerals (Johnson,
1998, 2001) but their activity in mineral sulfide oxidation of the bio-
heap cannot be ruled out. The archaeal species present in the
Talvivaara demonstration-scale bioheap leach liquors were related
to uncultivated species.

4. Conclusion

The following conclusions can be drawn from the microbial charac-
terization in demonstration-scale bioheap leaching of a complex sulfide
ore:

1. The temperature conditions and profiles varied over a wide range
(15-90 °C) during the 30 months of operation of the bioheaps.

2. The temperature increased due to exothermic biologically catalyzed
oxidation of the sulfidic materials and especially that of pyrrhotite.

3. The total numbers of microbial cells in the heap were estimated to
be approximately 2 x 10'® with over 98% of cells being on the ore
surfaces.

4. When the enrichment culture was grown in the microbial pond A.
ferrooxidans, A. caldus, A. thiooxidans, L. ferrooxidans, A. acidocaldarius,
A. tolerans and F. acidiphilum were present.

5. During the first six months the microbial communities of the leach
liquors were diverse and dominated by A. ferrooxidans (99%). An
uncultured bacterium related to Firmicutes clone H70 (91%) and
S. thermosulfidooxidans (100%) were also detected frequently.

6. L. ferrooxidans was first observed after 6 months of bioheap opera-
tion and in all subsequent samples. The microbial diversity in both
heaps varied and decreased with time, A. ferrooxidans remaining
the dominating bacterium.

7. At the secondary leaching phase the leaching community
remained steady. A. ferrooxidans dominated and the bacterium re-
lated to an uncultured clone H70 and L. ferrooxidans were present.

In conclusion the multi-metal, low-grade nickel bioheap har-
bored a diverse microbial community that underwent spatial and
temporal changes during leaching. It should be pointed out that
DNA based community profiling indicates the presence of a microor-
ganism but not it's activity in a given sample. Microorganisms
having different growth temperatures were considered beneficial
to the bioheap leaching.
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