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During coming thirty years, the quantity of electric vehicles will increase by eight-fold according
to International Energy Agency. For the batteries of electric vehicles, metal-based battery chem-
icals, such as nickel and cobalt sulfate, are used as a raw material, therefore, increasing quantities
of these chemicals will be needed in near future. In nickel and cobalt sulfate production process,
ammonium sulfate is formed as a side product when ammonium-rich process liquors, containing
ammonium sulfate, are associated with the process. These ammonium-rich side streams are a
potent source of nitrogen for heap bioleaching. Therefore, in this thesis, possible negative and
positive effects of ammonium sulfate (AS) bleed and feed (ammonium-rich side streams, originat-
ing from the battery chemical production process) and their constituents on biological iron and
sulfur oxidation was under investigation.

The experiments of this study were performed as small-scale batch studies (shake flask). The
enriched indigenous acidophilic microorganisms, present in the irrigating leach liquor obtained
from a heap bioleaching plant of Terrafame Oy., were used as an inoculum. The effects of battery
chemical process liquors: AS bleed and feed, and their constituents (ammonium sulfate, carbox-
ylic acid (neodecanoid acid), Nessol D100, Cyanex 272, and Baysolvex D2EHPA), on biological
iron and sulfur oxidation were investigated separately. In addition to these experiments, possible
stimulatory effect of ammonium-rich AS bleed and feed, as nitrogen supplement, on biological
iron oxidation was also studied.

Both AS bleed and feed process liquors negatively affected the biological iron oxidation. The
process liquors resulted in a lag phase in biological iron oxidation and decrease of iron oxidation
rate at concentrations higher than 2% (v/v), whereas at AS bleed and feed concentrations of 20%
(v/v) and 50% (v/v), respectively, the biological iron oxidation was completely and irreversibly
inhibited. With AS bleed, it was recognized that AS bleed enhanced biological sulfur oxidation at
concentration of 8% (v/v) and below. The highest sulfate production yield and rate of 27% and
0.38 g/L/d, respectively, were achieved with AS bleed concentration of 4% (v/v). Ammonium sul-
fate concentrations higher than 20 g/L resulted in a lag phase in biological iron oxidation, whereas
250 g/L resulted in full and irreversible inhibition. Of the organic solvents (neodecanoid acid,
Nessol D100, Cyanex 272, and Baysolvex D2EHPA) only neodecanoid acid affected biological
iron oxidation. Neodecanoid acid resulted in a lag phase in iron oxidation with concentration of
2.5% of its water solubility (6.3 mg/L) or higher. Organic solvents Nessol D100, Cyanex 272, and
Baysolvex D2EHPA were nonbioavailable for the microbial culture in experimental conditions of
this study and, therefore, did not affect biological iron oxidation. In ammonium deficiency experi-
ment, 0.079 g/L ammonium supplementation with 0.1% (v/v) AS feed, and 0.11 g/L ammonium
supplementation with 0.09% (v/v) AS bleed enhanced biological iron oxidation. With 1% (v/v) AS
bleed and feed concentration, the iron oxidation rate was not significantly increased. Iron oxida-
tion rate of iron oxidizing culture, incubated in ammonium deficit medium, was 2.0 g/L/d, whereas
iron oxidation rates of cultures supplemented with AS bleed or feed were over 2.3 g/L/d.

In conclusion, ammonium-rich process liquors have a potential to enhance bioleaching, how-
ever, potential nitrogen deficiency in the heap bioleaching liquors (of Terrafame) should be stud-
ied to estimate the actual demand for nitrogen supplementation. Furthermore, the battery chemi-
cal process liquors and some of their constituents may potentially inhibit heap bioleaching pro-
cess. Ammonium and organic solvents, present in the process liquors, can result in drastic harm-
ful effects in recipient waters, therefore, their release to the environment must be prevented.
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Kansainvalisen energiajarjeston (IEA) mukaan sahkdautojen maard kahdeksankertaistuu
tulevan kolmenkymmenen vuoden aikana. Sahkdautoakkujen raaka-aineisiin lukeutuvat
esimerkiksi nikkeli- ja kobalttisulfaatti, jonka vuoksi l&hitulevaisuudessa tullaan tarvitsemaan yha
suurempia maaria kyseisid kemikaaleja. Nikkeli- ja kobalttisulfaatin valmistusprosessissa
ammoniumsulfaattia muodostuu sivutuotteena, jolloin prosessiin liittyy korkeita ammonium-
pitoisuuksia sisaltavia prosessiliuoksia. Nama sivuvirrat ovat potentiaalinen typenlahde
kasabioliuotukseen. Taman vuoksi tydssad tutkittin Terrafame Oy:n akkukemikaalitehtaan
prosessista peraisin olevien ammoniumsulfaattisivuvirtojen (AS bleedin ja feedin) mahdollisia
kielteisia ja myonteisia vaikutuksia biologiseen raudan- ja rikinhapetukseen.

Taman tyon kokeellinen osuus suoritettiin laboratoriomittakaavan panoskokeina (ravistelu-
pullo). Kokeissa kaytettiin Terrafamen kasabioliuotusalueen kastelunesteesta rikastettuja raudan-
ja rikinhapetusbakteerien viljelmia. Tydssa tutkittin akkukemikaalitehtaan prosessiliuoksien (AS
bleed ja feed), ja niiden sisaltdmien yhdisteiden: ammoniumsulfaatin, karboksyylihapon
(neodekanoidihapon), Nessol D100:n, Cyanex 272:n ja Baysolvex D2EHPAn vaikutuksia
biologiseen raudan- ja rikinhapetukseen. Tydssa tutkittin myds biologisen raudanhapetuksen
mahdollista tehostamista runsaasti ammoniumioneja siséltdvien AS bleed ja feed -liuoksia
kayttaen.

AS bleed ja feed -liuokset vaikuttivat negatiivisesti biologiseen raudanhapetukseen.
Molemmat prosessiliuokset aiheuttivat viiveen raudanhapetuksen kaynnistamisessa ja alensivat
raudanhapetusnopeutta yli 2 % (v/v) pitoisuuksissa, kun taas 20 % (v/v) AS bleed ja 50 % (v/v)
AS feed pitoisuudet inhiboivat raudanhapetuksen kokonaan ja peruuttamattomasti. AS bleedin
kanssa toteutetussa rikinhapetuskokeessa havaittiin, etta 8 % (v/v) ja sitéa alemmilla pitoisuuksilla
AS bleed tehosti biologista rikinhapetusta. Korkein sulfaatin saanto (27 %) ja tuottonopeus (0,38
g/L/d) saavutettiin 4 % (v/v) AS bleed-pitoisuudella. Yli 20 g/L ammoniumsulfaattipitoisuus aiheutti
viiveen raudanhapetuksessa, kun taas 250 g/L pitoisuus inhiboi mikrobien raudanhapetus-
aktiivisuuden kokonaan ja peruuttamattomasti. Orgaanisista uuttoliuoksista (neodekanoidihapon,
Nessol D100:n, Cyanex 272:n ja Baysolvex D2EHPAnN) neodekanoidihappo oli ainoa, joka vaikultti
biologiseen raudanhapetukseen. Neodekanoidihappo aiheutti viiveen raudanhapetuksessa 6,3
mg/L pitoisuudessa (2,5 % vesiliukoisuudesta). Taman tyon tutkimusolosuhteissa orgaanisista
uuttoliuoksista Nessol D100, Cyanex 272 ja Baysolvex D2EHPA eivat olleet biologisesti
saatavilla, eivatkd vaikuttaneet biologiseen raudanhapetukseen. Ammoniumrajoitteisella
raudanhapetusviljelmalla biologinen raudanhapetusaktiivisuus tehostui 0,1 % (v/v) AS feed
lisdyksellda (ammoniumpitoisuus 0,079 g/L), ja 0,09 % (v/v) AS bleed lisdykselld (ammonium-
pitoisuus 0,11 g/L). AS bleed tai feed -pitoisuuden nostaminen 1 % (v/v) ei parantanut
merkittdvasti raudanhapetusnopeutta. Ammoniumrajoitteisen raudanhapetusviljelman raudan-
hapetusnopeus oli 2,0 g/L/d ja AS bleed ja feed -liuoksia sisaltavissa Vviljelmissa
raudanhapetusnopeus oli yli 2,3 g/L/d.

Tyon johtopaatoksena runsaasti ammoniumioneja sisaltavat prosessiliuokset voivat tehostaa
bioliuotusta. Jatkotutkimuksissa tulee selvittdd Terrafamen bioliuotuskasojen prosessivesien
typpipitoisuudet, prosessin typpirajoitteisuuden vahvistamiseksi. Akkukemikaaliprosessiliuokset
ja niiden sisaltdmat yhdisteet voivat myods inhiboida kasabioliuotusprosessia. Prosessiliuosten
sisaltdmat ammoniumionit ja orgaaniset uuttoliuokset voivat aiheuttaa vakavia ymparistéhaittoja
purkuvesistdissa ja niiden paastaminen ymparistdon tulee estaa.

Avainsanat: akkukemikaali, bioliuotusmikrobi, inhibitio, kasabioliuotus, orgaaninen uuttoliuos,
raudan hapetus, rikin hapetus, typpilisa
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calculated from the slope of the linear regression line of the

exponential part of the Fe(ll) oxidation curves (see figures 13 and

19). The standard deviations are presented with the error bars
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Figure 42.  Influence of (a) AS bleed concentration (0.09—-1.0 % (v/v)) and (b)

AS feed concentration (0.1-1% (v/v)) on iron oxidation rate during

iron oxidation by the iron oxidizing ammonium deficit (AD) culture.

Iron oxidizing AD culture was cultivated without ammonium

supplementation. Iron oxidation rates were calculated from the

slope of the linear regression line of the exponential part of the

Fe(ll) oxidation curves (see figure 39). The standard deviations are

presented with the error bars (N=2). ..........ccccccuuueeeeeeeiiieiiiiiiaeaeaannnn, 112
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1. INTRODUCTION

Electric vehicles have been invented in the early 1900s, however, only in recent years
they have begun to get more attention as a promising alternative way of transportation.
This increasing interest of using electric vehicles instead of vehicles that use fossil fuel
is mainly due to their positive impact in controlling global warming. Therefore, it is prob-
able that the quantity of the electric vehicles will significantly increase in the future, es-
pecially when the production and driving costs will be reduced and ranges increased.
(Ajanovic 2015) For the production of the electric vehicle batteries, metal-based chemi-
cals, such as nickel and cobalt sulfate, are required. In nickel and cobalt sulfate produc-
tion process of battery chemical production plant, ammonium sulfate (AS), is produced

as a side product. (Terrafame 2018)

The battery chemicals can be produced from the mineral processing product of nickel
cobalt sulfide. Therefore, it would be beneficial to place the battery chemical production
plant next to the metal recovery area of the mineral processing plant. From the econom-
ically viable metal recovery options, heap bioleaching is one of the competent alterna-
tives, used also by a Finnish multi-metal company Terrafame Oy at their mine site, lo-
cated in Sotkamo, Finland (Petersen 2016; Terrafame 2018). In mining industry, bi-
oleaching is a specialized bio-hydrometallurgical process utilizing microorganisms, such
as bacteria, archea, and fungi for solubilizing and recovering metals, such as nickel and
copper, mainly from low-grade sulfide ores (Rawlings 2007). In heap bioleaching, the
leaching by microorganisms occurs in large ore piles, called as bioheaps. The bioheaps
are constructed by piling crushed and generally agglomerated ore material (du Plessis
et al. 2007; Petersen 2016). Since physical composition, such as pore sizes, in bioheaps
vary, various gradients, such as O, and pH gradients, are present in bioheaps, leading

to heterogenous bioleaching efficiency. (du Plessis et al. 2007; Petersen & Dixon 2007)

Although heap bioleaching has various advantages, such as simple operation and low
costs, compared to the conventional metal recovery processes, one of the major disad-
vantages of the heap bioleaching is that the duration of the metal extraction is generally
long, from months to couple of years (Petersen & Dixon 2007; Petersen 2016). This
leaching period can even be longer, if the optimal bioleaching conditions, such as suffi-

cient macronutrient nitrogen availability, are not met. Nitrogen availability in the heap



leaching environment of the sulfide ores is generally insufficient for supporting optimal
microbial growth and thereby optimal bioleaching efficiency. Therefore nitrogen has to
be artificially supplied, for example as ammonium, to achieve more desirable bioleaching
conditions (du Plessis et al. 2007; Petersen 2016) Since in the AS crystallization process
of the battery chemical production plant, ammonium-rich side streams are formed during
the start-up and the operational stage of the unit process, these side stream process
liquors could be possible source of ammonium supplement, and thereby enhancing the

heap bioleaching process (Niemela et al. 1994; du Plessis et al. 2007; Terrafame 2018).

In this Thesis, possible negative and positive effects of AS bleed and feed (side stream
process liquors), originated from AS crystallization process of Terrafame battery chemi-
cal production plant, on biological iron and sulfur oxidation is studied. Possible inhibition
by the process liquors and their constituents, including AS and organic extraction sol-
vents, on biological iron and sulfur oxidation was investigated. In addition to the possible
inhibitory effect, possible enhancement of iron oxidation by the process liquors was stud-
ied. All the experiments were performed as small-scale batch studies (shake flask) at pH
of 2 and temperature of 27+ 2 °C. A mixed microbial culture, originating from the irrigation
leach solution, provided by Terrafame, was used as an inoculum in the experiments. The
aim of the study was to see if the process liquors could be used as an ammonium sup-

plement for the bioleaching microorganisms of the Terrafame metal recovery area.



2. BIOLEACHING PRINCIPLES AND APPLICA-
TIONS

Biological metal recovery from the sulfide ores, is based on microbial oxidation of a solid
sulfide mineral to a water-soluble metal sulfate by iron and sulfur oxidizing bacteria
(Schippers 2007). Oxidation of ferrous iron (Fe(ll)) and reduced sulfurous compounds
oxidation are the main metabolic functions of the bioleaching process, therefore, bi-
oleaching occurs only with ores that either contain Fe(ll) and reduced sulfurous com-
pounds or are closely contacted with some other source of them. (du Plessis et al. 2007,
Rawlings 2007) From Fe(ll), iron oxidizing bacteria form important oxidizing agent: ferric
iron (Fe(lll)), through its oxidation. Through oxidation of sulfurous compounds, the acidic
conditions in the bioleaching environment are maintained. (Rawlings 2007; Schippers
2007)

2.1 Bioleaching mechanisms of sulfide minerals

Both chemical and biological reactions are associated with bioleaching. The leaching of
sulfide mineral is based on chemical reactions, while formation of Fe(lll) and acids (inor-
ganic and organic), required in the bioleaching process, is based on biologically cata-
lyzed reactions. (Rawlings 2007; Schippers 2007) It has been previously proposed that
mobilization and leaching of metals from sulfide minerals can occur through direct or
indirect mechanisms. In direct mechanism, microorganisms have to be in direct contact
with the sulfide mineral to be able to oxidize sulfide to sulfate through enzymatic reac-
tions, whereas in indirect mechanisms, sulfide mineral oxidation occurs via strong oxi-
dizing agent (Fe(lll)). Even though, it has been previously proposed that bioleaching can
happen either through direct or indirect mechanism, currently, indirect mechanism is the
bioleaching mechanism widely accepted. (Kinzler et al. 2003; Sand & Gehrke 2006;
Schippers 2007)

In indirect mechanism, strong oxidizing agent of Fe(lll), oxidizes reduced sulfide minerals
(MS), when water-soluble metals (M?*) and elemental sulfur (S°) are formed. At the same
time Fe(lll) is reduced to Fe(ll). The regenerated Fe(ll) is then used again as energy
source for iron oxidizing microorganisms. (Rawlings 2007) Oxidation of a sulfide mineral
with Fe(lll) and biological oxidation of Fe(ll) to Fe(lll) can be described by using the
following equations (Rawlings 2007; Schippers 2007):

MS + 2 Fe3t - M?* + SO + 2Fe?t (1)



Iron oxidizing
microorganisms
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4Fe?t + 0, + 4H™ 4Fe3*t + 2H,0 (2)

Formed elemental sulfur (S°) in the equation 1, is further oxidized to protons and sulfate

by sulfur oxidizing microorganisms, according to the following equation:

Sulfur oxidizing
microorganisms

4S5° + 60, + 4H,0 204502 + 8HY (3)

The indirect mechanism is generally subdivided into three mechanisms: contact-, non-
contact, and cooperative mechanisms (Figure 1) (Tributsch 2001). In the contact mech-
anism, the bioleaching microorganisms attach to the surface of the sulfide mineral and
the sulfide mineral is degraded by Fe(lll). During the contact, Fe(lll) is reduced back to
Fe(ll) due to sulfide mineral oxidation, and then re-introduced into the iron (Fe(ll)-Fe(lll))
cycle. (Tributsch 2001; Kinzler et al. 2003; Sand & Gehrke 2006) The dissolution of sul-
fide mineral by electrochemical reactions occurs in the interface between the bacterial
cell wall and the surface of the sulfide mineral. (Sand & Gehrke 2006) In the non-contact
bioleaching mechanisms, planktonic microorganisms oxidize Fe(ll) to Fe(lll), which then
comes in contact with a surface of sulfide mineral. (Tributsch 2001; Kinzler et al. 2003;
Sand & Gehrke 2006) In cooperative mechanisms, microorganisms attached to the sur-
face of the mineral and planktonic microorganisms cooperate. During this cooperation,
microorganisms attached to the mineral surface, dissolve mineral and thereby liberate
energy carrying compounds, such as sulfur intermediates, which are used to feed plank-

tonic microorganisms in suspension around. (Tributsch 2001)
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Figure 1. Indirect leaching sub-mechanisms. Top-down sub-mechanisms: non-
contact, contact, and cooperative mechanism. (modified from Tributsch 2001)

2.2 Microorganisms associated with bioleaching

Microorganisms accountable for the oxidation of Fe(ll) and reduced sulfurous com-
pounds, during bioleaching, are chemolithoautotrophs, meaning that they use inorganic
compounds as source of energy. In bioleaching environments, indigenous chemolitho-
autotrophs, include microorganisms from both prokaryote domains: Bacteria and Ar-
chaea. (Norris 2007) These iron- and sulfur oxidizing microorganisms contain, for exam-
ple, rod-shaped Acidithiobacillus (A.) ferrooxidans and A. thiooxidans bacteria (Johnson
1998). The rod-shaped bacteria were also observed from the original culture, used to

enrich iron and sulfur oxidizing microorganisms during the experimental part of this thesis

(Figure 2).



a) b)

Figure 2. Rod-shaped bacteria, observed from the (a) iron and (b) sulfur oxidizing
enrichment cultures. The rod-shaped bacteria are showed in a red circle. Pic-
tures were taken with Axioskop 2 microscope (ZEISS Group, Germany)
equipped with N-Achroplan 100x/1.25 oil pH 3 M27 objective and digitalized
camera system, magnification 1000x.

During the oxidation activities, chemolithoautotrophs use inorganic reduced elements or
compounds, such as Fe(ll), as an electron donor, and generally oxygen as an electron
acceptor. Some microbial species, such as A. ferrooxidans, can, however, also use
Fe(lll) as an electron acceptor. As a carbon source, chemolithoautotrophs are using in-
organic carbon dioxide (COz2), which they can also fix from the atmosphere. (Watling
2006; Schippers 2007)

In addition to the actual bioleaching microorganisms, chemolithoautotrophs, also other
microorganisms: chemomixotrophs and heterotrophs, are indigenously present in bi-
oleaching environments. Chemomixotrophs can use various energy and carbon sources,
whereas heterotrophs require organic carbon as a carbon source. These chemomixo-
trophic and heterotrophic microorganisms include, for example, Sulfobacillus and Acidip-
hilium species. (Watling 2006; Schippers 2007)

Even though chemomixotrophs and heterotrophs, do not primarily participate in iron and
sulfur oxidation activities, it is reported that the presence of these microorganisms en-
hances metal dissolution from sulfide ores. Bioleaching enhancing effect of these micro-
organisms, can be due to, for example, utilization of organic carbon present in bioleach-
ing environment. Since organic carbon can be harmful to chemolithoautotrophs, the pres-
ence of the chemomixotrophs and heterotrophs, can help to detoxify the growth environ-
ment of the chemolithoautotrophs (Johnson & Roberto 1997; Schippers 2007; Li et al.
2011).



All bioleaching microorganisms present in the acidic bioleaching environments, are aci-
dophiles. They can be either strict or moderate acidophiles, which generally prefer pH
range below 3. However, the optimal pH range varies by microbial species. (Watling
2006; Norris 2007) The other environmental parameter significantly affecting the bi-
oleaching microorganisms and the microbial composition is temperature. Temperature
varies along with the bioleaching process, and therefore also the microbial composition
varies. (Watling 2006; Norris 2007) The bioleaching microorganisms can be mesophilic,
moderately thermophilic, or thermophilic, which optimal growth temperature vary be-
tween 1540 °C, 40-60 °C, and >60 °C, respectively. From the bioleaching microorgan-
isms, for example, A. ferrooxidans are mesophilic, Sulfobacillus (Sh.) thermosulfidooxi-
dans are moderately thermophilic, and Sulfolobus (S.) metallicus are thermophilic. (Nor-
ris 2007; Schippers 2007) Even though all the bioleaching microorganism species have
their own optimal growth temperature, they can still grow at temperatures higher or lower

compared to their optimal growth temperature range (Norris 2007).

2.3 Heap bioleaching

Bioleaching techniques can be separated into irrigation-type and stirred tank-type bi-
oleaching. Dump, heap reactor and in situ bioleaching, in addition to heap bioleaching,
are included in the irrigation type bioleaching techniques. Stirred tank-type bioleaching
is based on use of stirred tank reactors. In irrigation-type bioleaching processes, acidic
leach solution is used to irrigate dumps, heaps, columns or at the mining site as in situ,
without removing ore from the bedrock. In the stirred-tank type process, bioleaching oc-
curs in stirred tanks, when growth environment of the bioleaching microorganisms can

be more carefully controlled. (Rawling 2002)

One of the irrigation-type techniques, heap bioleaching, is currently used worldwide in
commercial scale, for leaching of valuable metals from low-grade sulfide ores or as a
pre-treatment method of a refractory gold. (Watling 2006; Lan et al. 2009). In heap bi-
oleaching, crushed and generally agglomerated ore material is stacked to form typically
4-10 m height heaps, called bioheaps. During agglomeration, finer ore particles attach

to the surface of larger ones. (du Plessis et al. 2007; Petersen 2016)

Since the bioleaching microorganisms require oxygen, CO», and acidic growth environ-
ment, the optimal pH and atmosphere conditions for the bioleaching microorganisms are
maintained in bioheaps by adding sulfuric acid into the irrigating solution and aerating
the heaps. (Norris 2007; Watling 2006; Petersen 2016) Water-soluble metal sulfates,
formed during bioleaching, are collected from the bioheaps in pregnant leach solution
(PLS), which flows towards the bottom of the heap. In the bottom of the heap, PLS is



collected and transferred to PLS storage pools, and metals of interest are then recov-
ered. (Petersen 2016) Temperature inside the bioheaps increases and decreases sim-

ultaneously with the biological oxidation of sulfide ores (Rawlings 2007).

In bioheaps, the diversity of microorganisms is generally greater compared to the stirred
tank reactors (Watling 2006; Halinen et al. 2012; Ahoranta et al. 2017). Typically, bi-
oleaching microorganisms grow naturally in bioheap environments, however, diverse,
and dynamic bioleaching microbial community can be possibly achieved through inocu-
lation of heaps, when microorganisms are introduced into the bioheap environments.
The inoculation can be executed during the agglomeration. (Watling 2006; Petersen
2016)

The key advantage of heap bioleaching is that it is the only economically viable technique
for extraction of valuable metals from low-grade ores. Even though the greatest ad-
vantage of heap bioleaching is its economic viability, it has also other technical ad-
vantages compared to the conventional bioleaching methods. (Petersen & Dixon 2007;
Petersen 2016) Heap bioleaching is a simple leaching method, which is straightforward
to operate and maintain, because the process is occurred at ambient temperature and
atmospheric pressure. Heap bioleaching process is also simple to expand. In the heap
bioleaching process, there is no harmful gas emissions, such as SO, present unlike in
the conventional physico-chemical mining processes. (Petersen & Dixon 2007; Rawlings
2007; Shagufta 2007) The extracted metal yields of heap bioleaching process, are also
generally reasonable, compared to the investment and operational costs of it (Watling
2006; Petersen 2016).

The most prominent challenge, associated with heap bioleaching, is however, a slow
metal recovery rate. The slow metal recovery rate is, for example, due to passivation
layer, formed onto the mineral surface in standard heap bioleaching conditions. This
passivation layer formation is a special challenge with copper sulfide, chalcopyrite. (Ren
et al. 2020) Because physico-chemical composition inside the bioheaps vary, tempera-
ture, pH, O2 and irrigation gradients are always formed during the bioleaching process.
Gradient formation can be affected, for example, by the changing permeability of the
heap and by the bioleaching stage. (du Plessis et al. 2007; Petersen & Dixon 2007) Even
though harmful gaseous emissions are not a problem in heap bioleaching, potentially
toxic aqueous emissions are produced during the process. These potentially toxic chem-
ical solutions can cause environmental pollution when released to environment without
appropriate treatment. This can occur, for example, when the solutions are leaking

through the cracks of piping system or storage pools. (Petersen 2016)



2.4 Mining and metal recovery process of Terrafame

Terrafame’s complex polymetallic black schist ore deposit is located in Sotkamo, Finland.
The deposit contains two different polymetallic ore bodies of Kuusilampi and Kolmisoppi,
which are hosted by a polymetallic black schist ore. The polymetallic black schist ore is
a composition of nickel (0.23%), zinc (0.51%), copper (0.13%), and cobalt (0.02%).
(Riekkola-Vanhanen 2010)

In the Terrafame mine site, the mining method is an open-pit mining. From the open-pit
mine, the ore material is delivered to the crushing and screening process, which covers
four separate crushing and screening stages, followed by agglomeration (Figure 3).
(Riekkola-Vanhanen 2010) From the agglomeration process, the agglomerated ore ma-
terial is conveyed and stacked onto the primary bioheaps, in which they are then bi-
oleached for 15 months (Terrafame 2020). The over 8 m height primary bioheaps are
aerated and irrigated with a raffinate. After the primary bioleaching stage, the leached
ore is collected from the primary bioheaps, conveyed and re-stacked onto secondary
heaps. In secondary bioheaps, the ore material is further bioleached. The dissolved met-
als are collected in PLS, which is then treated with hydrogen sulfide (H.S) to precipitate
the dissolved metals: nickel, zinc, copper, and cobalt. The precipitated metals are fil-
tered, resulting in metal products of copper sulfide, zinc sulfide, and nickel cobalt sulfide.
(Riekkola-Vanhanen 2010) In the near future, also uranium recovery from the ore will

start in the Terrafame metal recovery plant, and therefore it is also showed in Figure 3

(Terrafame 2020).
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Figure 3. Terrafame overall mining and metal recovery process (modified from Oi-
nonen 2020).
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3. SUBSTANCES INFLUENCING BIOLEACHING

Bioleaching efficiency and bacterial growth can be affected by various mineral pro-
cessing related chemical factors. These possible chemical factors include, for example,
organic compounds from solvent extraction, which may possibly inhibit the bioleaching
process. Various organics are used in the mineral extraction processes, therefore, when
the process liquors from these processes are contacted with the bioleaching acidophilic
microorganisms, the possible inhibitory effects of the solvents on bioleaching must be
known. In Chapter 3.1, solvent extraction organics and their effects on bioleaching, are
presented in more detail. In addition to the organic solvents, various chemical additives,
can also affect the bioleaching process. In Chapter 3.2, the chemical additives, which

can possibly enhance biological heap leaching are described in more detail.

3.1 Inhibition of bioleaching by organic solvents

After bioleaching, all extracted metals, such as nickel and cobalt, are present in the aque-
ous leach liquor. To result pure or mixed metal products, these dissolved metals must
be removed separately from the leach liquor, for example, by solvent extraction and crys-
tallization. (Torma & ltzkovitch 1976; Chen et al. 2015) In Terrafame battery chemical
production plant, the battery chemical recovery process includes solvent extraction and
crystallization (See Chapter 4.3.1) (Terrafame 2018). In the extraction process, organic
solvents are used for removing metals from the aqueous solution, and therefore, they
are present also in the process liquors of the following crystallization processes. The
amount of these residual organics in the process liquors, depends on the water solubility
of the organic compound used (Torma & Itzkovitch 1976; Terrafame 2018; Chen et al.
2015) If these crystallization process liquors get into contact with the bioleaching micro-
organism, for example, when the process liquors are recycled back to the bioleaching
process, possible inhibitory effect towards bioleaching of these organic solvents must be
considered. (Torma & ltzkovitch 1976; Chen et al. 2015)

Throughout this chapter, organic solvents used by the Terrafame battery chemical pro-
duction plant or compounds which are similar to them are presented. These organic
compounds include carboxylic acid (neodecanoid acid), Cyanex 272, Baysolvex
D2EHPA, and Nessol D100. Chemical information about the organic solvents, such as

molecular formulas and chemical structures, are presented in Chapter 4.3.1. Information
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about previous studies on the organic solvents, used in Terrafame battery chemical pro-

duction plants, are presented in Table 1.
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Table 1. Information about the studies on the influence of the organic solvents used by Terrafame battery chemical production plant.
Experimental Minimum
Organic Experlr_nental Microorganism(s) conditions: |nh|b|tory Results Reference
solvent design Temperature/ concentration
pH/aeration (g/L)
35 °C (iron oxida- Hexanoic acid concentration of 0.09
tion), 25 °C (sulfur g/L leaded to 43% reduction of iron
Carboxvlic Culture tubes oxidation)/ initial pH oxidation, whereas hexanoic acid Tuttle &
; y (iron oxidation), ) 3.1-3.7/ capillary concentration of 0.9 g/L resulted to
acid (hexa- hake flask (sul A. ferrooxidans b . 0.09 78% reducti £ idati Dugan
noic acid) shake flas (sul- _tu e aerator (iron ox- o re _uctlc_)n of iron oxi _atlon. 1976
fur oxidation) idation) and by shak- Hexanoic acid concentration of 0.9
ing (sulfur oxidation g/L, inhibited sulfur oxidation com-
and growth) pletely.
Mixed culture Saturation concentration of Cyanex
(mainly consisted of o it 272 in the aqueous phase had no
Céa7nzex Shake flask A. ferrooxidans and 20 SE;L?:'al pH 1.8/ N.R.* effect on biological iron oxidation or Ch;g 1e5t al
Leptospirillum (L.) y 9 cell growth of the studied microor-
ferriphilum) ganisms.
D2EHPA concentration of 0.264
R 0.264 (of TOC g/L decreased specific oxygen
Baysolvex = Manometric . 3.5 c/ |_n|t|al pH 2.3/ TOC**) (one uptake rate to 9.71 pL of Oz/h per Tormg &
. A. ferrooxidans air enrichment to . . Itzkovitch
D2EHPA  technique o studied concen- mg of protein, compared to 30.47
0.2% COz2 . ; 1976
tration) pL of O2/h per mg of protein of the
biological control.
NDe1s§8I No study found about the effect of Nessol D100 or other aliphatic hydrocarbons containing solvents on bioleaching.

*N.R.: not reported

**TOC: total organic carbon
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From the studied organic extractants, the effect of neodecanoid acid on bioleaching mi-
croorganisms have not yet been studied. However, the influence of other various car-
boxylic acids on iron and sulfur oxidation by A. ferrooxidans have been studied by Tuttle
& Dugan (1976). From the studied monocarboxylic acids, hexanoic acid has been closest
to neodecanoid acid with its molecular structure. Therefore, hexanoic acid is considered
as monocarboxylic acid example, and inhibition results of hexanoic acid are presented

in more detail.

In the study of Tuttle & Dugan (1976), the influence of simple organic compounds, in-
cluding hexanoic acid, on biological iron and sulfur oxidation, respectively, was studied.
The results of their study showed that hexanoic acid was inhibitory to iron and sulfur
oxidation, as seen in Table 1. The results of the study indicated that the significant factor
affecting inhibition of biological iron oxidation was the relative electronegativity of the
organic compound. The results also suggested that organic compounds could affect the
bioleaching microorganisms, for example, by directly affecting the iron oxidizing enzyme
system of the microorganism, reacting with Fe(ll) in the environment, and non-selectively

disturbing the operation of cell envelope or membrane.

Chen et al. (2015) studied the influence of saturation concentration (in 9K medium) of
various metal extractants on biological iron oxidation, cell growth, and community struc-
ture of acidophilic microorganisms. The results of the study showed, as seen in Table 1,
that Cyanex 272 had no effect on biological iron oxidation or cell growth, compared to
the biological control. However, presence of Cyanex 272 during the cultivation decreased
the quantity of L. ferriphilum and A. ferrooxidans cell mass, compared to the biological

control, when heterotrophic Acidiphilium cryptum became dominant.

In the study of Torma & ltzkovitch (1976), the influence of different copper and uranium
extractants, such as Baysolvex D2EHPA, on the specific oxygen uptake rate by A. fer-
rooxidans was studied. The studied Baysolvex D2EHPA concentration was its saturation
concentration in 9K medium (264 total organic carbon (TOC) in mg/L). The results of the
experiment showed, as seen in Table 1, that saturation D2EHPA concentration inhibited
biological uranium extraction, possibly due to preventing intimate contact of bacterial
cells with the mineral surface, modifying the growth environment of the bacteria, or influ-

encing some nutritive or growth processes of the bacteria.
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3.2 Enhancement of bioleaching by chemical additives

Leaching of metals from the low-grade sulfide ores can be challenging even by pro-
cessing the ores in heap bioleaching, which is generally considered to be an economi-
cally viable method for this purpose (Duncan et al. 1964; Petersen 2016; Ghadiri et al.
2019). Extraction of metals is considered to be especially challenging from chalcopyrite,
which has also the highest concentration of valuable metal copper, from all the mineral
resources of the world. Therefore, it has been found necessary to try to seek different
kinds of chemical additives, which can potentially enhance heap bioleaching of ores, for
making the heap bioleaching process more technically and economically efficient. (Lan
et al. 2009; Zhang et al. 2019; Ren et al. 2020)

One of the key factors influencing on the efficiency of bioleaching, is nutrient requirement
of the bioleaching microorganisms. One of the most essential nutrients for the bioleach-
ing microorganisms is nitrogen, which is also present in the process liquors: AS bleed
and feed, of Terrafame battery chemical production plant. (du Plessis et al. 2007; Rawl-
ings 2007) Therefore, nitrogen requirement of bioleaching microorganisms and possible
nitrogenous nutrient additives are discussed during the following two chapters. During
Chapters 3.2.3-3.2.6, other different types of additives as possible heap bioleaching en-

hancing substances, are reviewed.

3.2.1 Nitrogen requirement of bioleaching microorganisms

Iron and sulfur oxidizing bacteria are chemolithoautotrophs, therefore they use inorganic
nitrogen and phosphorus compounds, for their cell growth (du Plessis et al. 2007; Rawl-
ings 2007). Nitrogen is the most important nutrient for the formation of new cell biomass
and its requirement depends on the quantity of the cell mass. (Rawlings 2007) Sulfide
ores, such as polymetallic black schist ore of Terrafame, generally contain sufficient
quantities of micronutrients, such as potassium and zinc, for the cell growth, but the
amount of macronutrients, such as nitrogen, is too low in the sulfide ores, so it need to
be supplemented (du Plessis et al. 2007). For example, in the study of Ahoranta et al.
(2017), nitrogen concentration of the process liquors, collected from the primary heaps
of Talvivaara Mining Company Plc (currently Terrafame), varied between <1.0-2.6 mg/L,

which was reported to be insufficient amount in Sarcheshmehpour et al. (2009) study.

Microorganisms responsible of the genuine bioleaching process, such as A. ferrooxi-
dans, are generally able to fix nitrogen from atmosphere (Mackintosh 1978; Norris et al.

1995). However, nitrogenase enzyme, an enzyme which catalyzes the nitrogen fixation,
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is inhibited by oxygen. Because oxygen is usually present during the bioleaching pro-
cess, also heterogeneously in heap bioleaching, nitrogen fixation cannot meet alone the
full nitrogen requirement of the bioleaching biomass, so supplementing nitrogen is nec-

essary. (Rawlings 2007)

The exact nitrogen demand of the bioleaching is difficult to estimate because the form of
the nitrogen affect how well it can be utilized by the bioleaching microorganisms. Also,
the quantity of nitrogen in the bioleaching environment varies due to environmental con-
ditions. (du Plessis et al. 2007; Rawlings 2007) From the various nitrogen forms, for
example, ammonium can be absorbed readily from air into the acidic bioleaching solu-

tion, due to its high solubility in acidic solutions (Rawlings 2007).

Nitrogen limitation has been reported to have negative effect on the cell growth of bi-
oleaching microorganisms and lowering the bioleaching efficiency. It is assumed that the
lowered bioleaching efficiency is due to the decreased Fe(lll) precipitate formation, which
then reduces bacterial attachment to the solid surface of the ore. These negative effects
have been shown to be dependent on the constitution of the microbial culture. (Krafft &
Hallberg 1993; d’'Hugues et al. 1997)

Even though nitrogen has been shown to be an essential nutrient for efficient bioleach-
ing, it has also been reported that depending on its form, it can inhibit iron and sulfur
oxidation. It has been reported that from the various nitrogen forms, nitrate can especially
inhibit iron and sulfur oxidation, also with moderate concentrations. (Niemela et al. 1994;
Suzuki et al. 1999; Harahuc et al. 2000) Therefore, it is critical to be aware which form
of nitrogen can be used and in which concentration range, when optimal bioleaching

nitrogenous nutrient conditions want to be obtained.

3.2.2 Nitrogenous nutrient additives

Information about the various nitrogenous nutrient additives and previous studies on

them, are presented in Table 2.
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Table 2. Information about the studies on the influence of various nitrogenous nutrient additives. (Note: In the “Ability to enhance bioleaching” column, + implies
positive impact of the additive on bioleaching, +/- implies possible impact of the additive on bioleaching stayed unknown, and - implies negative impact on
bioleaching.)
Experimental Optimal Minimum Ability to
Nitrogenous Experimental . . conditions: enhancing inhibitory enhance
o - Microorganism(s) : ? Results . . Reference
additive design Temperature/ concentration concentration bioleaching
pH/aeration (g/L) (g/L) (+/-)
Ammonium addition increased
leached zinc amount, after 53
Mixed culture room tempera- days of incubation, from 27% Krafft &
Shake flask (mainly consisted of ture/ initial pH 2.0/ 0.027 N.R. to 35% (Kristineberg ore), and + Hallberg
A. ferrooxidans) by shaking from 7% to 68% (Saxbergel 1993
ore), compared to the biologi-
cal control.
Ammonium supplementation of
Mixed culture 30 and 35 °C/ini- 0.1 (single 0.1 g/L elevated Fe(lll) con- o
: ; : ! : centration, during 10 days of Niemela et
Ammonium  Shake flask (mainly consisted of tial pH 1.5/ by studied con- N.R. ; ;
A. ferrooxidans) shaking centration) incubation, from about 2.3 g/L al. 1994
’ to 3.5 g/L, compared to the bi-
ological control.
. . 35 °C/ 1.3-1.5/ Studied ammonium concentra-
Continuous la-  Culture consisted of 7 . :
. dissolved oxygen tion increased dissolved cobalt
boratory-scale  A. ferrooxidans, A. . . ! ,
. . C concentration of yield, after 4 days of retention, d’'Hugues
unit, contain- thiooxidans and 0.80 (of N) N.R. o o +
) . L . the reactors var- from about 65% to about 78%, et al. 1997
ing four stirred  Leptospirillum-like ;
. ied between 1.6— compared to the urea and DAP
reactors bacteria

4.9 mg/L

supplemented culture.



Iron oxidizing en-
richment culture,

27 °C/ initial pH

Ammonium supplementation of
0.32 N g/L increased the iron
oxidation rate from 0.02 g/L/h

17

Ahoranta et

Shake flask er?rlched.from_ a 1.7/ by shaking 0.32 (of N) N.R. tq 0.1(_3 g/L/h, compaljed to the + al 2017
mixed microbial biological control, which was
sample not supplemented with nutri-
ents.
. . 35°C/1.3-1.5/ Dissolved cobalt yield was
Continuous la-  Culture consisted of . o
. dissolved oxygen more than 10% lower, after 4
. boratory-scale  A. ferrooxidans, A. . : : ,
Urea (with . : C concentration of days of retention, with urea d’Hugues
N unit, contain- thiooxidans and 0.80 (of N) N.R. +/-
DAP¥) . : » . the reactors var- supplemented culture than et al. 1997
ing four stirred  Leptospirillum-like . . .
. ied between 1.6— with ammonium supplemented
reactors bacteria
4.9 mg/L culture.
Yeast extract See Chapter 3.2.2
TSB** See Chapter 3.2.2
Nitrate additions of 0.38 g/L
and 0.75 g/L decreased Fe(lll)
Mixed culture 30 and 35 °C/ ini- concentration, during 10 days Niemels et
Shake flask (mainly consisted of tial pH 1.5/ by N.R. 0.38 of incubation at 30 °C, from - al. 1994
A. ferrooxidans) shaking about 2.3 g/L to 0.20-0.30 g/L, '
compared to the biological
control.
Nitrate addition of 6.2 g/L (as
28 °C/ 2.3, 4.5, Bulfur oxidetion altmost com Suzuki et
Nitrate Shake flask A. thiooxidans and 7.0/ by shak- N.R. 0.62 -
in pletely. At lower concentra- al. 1999
9 tions of 0.62 g/L and 3.1 g/L,
partial inhibition was observed.
o2 ui ron  Ne concenaton o 2002
. 25-28 °C/ 3.0/ by oxidation) 9 L b Harahuc et
Shake flask A. ferrooxidans : N.R. ; whereas inhibition of sulfur oxi- -
shaking 6.2 (with sulfur . A al. 2000
oxidation) dation began with nitrate con-

centration of 6.2 g/L.

*DAP: diaminophosphate

**TSB: tryptone soya broth
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In the study of Krafft & Hallberg (1993), the influence of ammonium on bioleaching of
two Swedish zinc sulfide ores: Kristineberg and Saxbergel, was investigated. In their
study it was demonstrated that 0.027 g/L ammonium supplementation stimulated bi-
oleaching of zinc sulfide ore, as seen in Table 2. In the study of Niemela et al. (1994),
effect of 0.11 g/L (0.006 mol/L) ammonium addition, on bioleaching of a black schist ore
was studied. The results of the study showed that ammonium supplementation enhanced

Fe(ll) oxidation from the black schist ore, as seen in Table 2.

d’Hugues et al. (1997) studied the effect of ammonium and urea on bioleaching. Ammo-
nium concentration of 0.80 N g/L increased dissolved cobalt yield, compared to the cul-
ture, which was supplemented with urea and diamidophosphate (DAP) (Table 2). The
results of the study showed that nitrogen in the form of ammonium enhanced bioleaching
of cobaltiferrous pyrite compared to urea. Influence of ammonium on biological iron oxi-
dation have been also studied by Ahoranta et al. (2017). In their study, different nitrogen
concentrations, from 0.32 g/L to 4.7 g/L, were investigated. The results of the study
showed that nitrogen supplementation increased iron oxidation, as seen in Table 2, and
that nitrogen concentration over 0.32 g/L did not significantly change the iron oxidation

rates.

Effect of urea and ammonium on bioleaching of cobaltferrous pyrite, have been studied
by d’'Hugues et al. (1997). In their study, the microbial culture was supplemented with
urea (1.28 g/L) and DAP (1.08 g/L), when nitrogen level of the medium was same as with
ammonium (Table 2). Because cobalt yield was over 10% lower with urea supplemented
culture than with ammonium supplemented culture, it can be concluded that urea was
not as efficient nitrogen supplement than ammonium. Because there was no biological
control present during their study, the information, whether urea enhanced bioleaching,

stayed unknown.

Influence of nitrate on biological iron and sulfur oxidation and on bioleaching have been
studied by Niemela et al. (1994), Suzuki et al. (1999) and Harahuc et al. (2000). Niemela
et al. (1994) studied effect of nitrate on bioleaching of a black schist ore. During their
study, 0.38 g/L (0.0061 mol/L) and 0.75 g/L (0.0121 mol/L) concentration of nitrate was
used. The results of the study showed that studied nitrate concentrations had a negative
influence of bioleaching of a black schist ore, as seen in Table 2. In the study of Suzuku
et al. (1999), biological sulfur oxidation in presence of nitrate (potassium nitrate and so-
dium nitrate) and other possible inhibitors was investigated. At low pH of 2.3, both nitrate
compounds inhibited sulfur oxidation, whereas, at pH 4.5 and 7.0 the inhibitory effect of

nitrate disappeared (Table 2). This study showed that nitrate inhibited sulfur oxidation at
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pH of 2.3. The results of this study also indicated that inhibition of nitrate at lower pH
range (pH 2.3) was due to increased nitrate permeability of the cells. Harahuc et al.
(2000) studied biological iron and sulfur oxidation in presence of nitrate and other various
inhibitors, such as anions. Harahuc et al. (2000) reported that nitrate inhibited both iron
and sulfur oxidation, and that iron oxidation was more sensitive to inhibition of nitrate

than sulfur oxidation at concentrations below 6.2 g/L (0.10 mol/L), as seen in Table 2.

3.2.3 Polymeric extracts

Organic compounds can cause partial or full inhibition of bioleaching by chemolithoauto-
trophs. Therefore, heterotrophs present in the growth environment can enhance bi-
oleaching by degrading organic matter and thereby detoxifying the growth environment
for chemolithoautotrophs. (Johnson & Roberto 1997; Schippers 2007; Li et al. 2011)
However, because organic polymeric extracts, such as yeast extract, can be used to
support on the growth of heterotrophs and chemomixotrophs, and form growth environ-
ment detoxifying metal-complexes, polymeric extracts can have two-way effect on bi-
oleaching, by inhibiting or enhancing it. (Tuovinen et al. 1985; Johnson & Roberto 1997;
Schippers 2007; Li et al. 2011)

With microbial cultures, the polymeric extracts are functioning as nutrient source, such
as nitrogen and phosphorus source, along with organic carbon source. Because bi-
oleaching environment is generally macronutrient, such as nitrogen, limited, addition of
organic macronutrient source can therefore increase the cell growth and microbial activ-
ity, and thereby enhance the bioleaching process. (du Plessis et al. 2007; Rawlings 2007;
van Hille et al. 2009)

From the organic polymeric extracts, yeast extract has been commonly used, as typical
polymeric extract, in the bioleaching studies, during the last forty years (Puhakka &
Tuovinen 1987; Rowe & Johnson 2008; Li et al. 2011; Zhang et al. 2015). In addition to
yeast extract, influence of TSB, with other varying factors, on the composition of the
mixed iron oxidizing acidophilic bacteria culture, have been also studied by Demir et al.
(2020). Information about studies on the influence of polymeric extracts on microbial

composition and bioleaching, are presented in Table 3.
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Information about studies on the influence of different polymeric extracts. (Note: (+) in “Ability to enhance bioleaching” column implies that positive impact

on bioleaching is possible, and +/- implies that both positive and negative impact on bioleaching was observed, when experimental conditions varied.)

Polymeric
extract

Experimental
design

Microorganism(s)

Experimental
conditions:
Temperature/
pH/aeration

Optimal
enhancing
concentration

(g/L)

Minimum
inhibitory
concentration

(g/L)

Results

Ability to
enhance
bioleaching
(+-)

Reference

Yeast ex-
tract

Shake flask

Shake flask

Shake flask

Pure culture of A.
ferrooxidans and
three mixed
cultures of acido-
philes

Mixed culture

Sb. thermosulfi-
dooxidans

28 °C/ initial pH 3.2—
3.6/ by shaking

30 to 60 °C/ 1.5/ by
shaking

45 °C/ initial pH 1.8/ by
shaking

0.22

0.1 (single stud-
ied concentra-
tion)

0.5

N.R.

N.R.

N.R.

The metal recoveries, when
0.22 g/L of yeast extract
was present, were 80% Ni,
81%—-85% Zn, 32-34% Cu
and 69-73% Co, whereas
the metal recoveries, when
0.02 g/L of yeast extract
was present, were 47-51%
Ni, 27-29% Zn, 2% Cu and
23-25% Co.

Yeast extract decreased
the bioleaching rate at tem-
perature of 30°C, whereas
yeast extract increased the
bioleaching rate about 8%
at temperature of 40 and
50°C. At temperature of
60°C, yeast extract did not
affect the bioleaching rate.
Iron oxidation was in-
creased by about 30, 60
and 90%, when 0.1, 0.2,
and 0.5 g/L of yeast extract
was present, respectively.
When £ 11.7 g/L of NaCl
was added, cell growth and
iron oxidation were en-
hanced, when yeast extract
was added. 0.5 g/L addition

+/-

*+)

Puhakka &
Tuovinen
1987

Li et al.
2011

Huynh et
al. 2020




of yeast extract leaded to
the highest cell number,
about 5 times higher than
without yeast extract.
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Mixed culture of
TSB CMBR* iron oxidizing aci-
dophilic bacteria

23.5+ 2.8 °C/ pH of
the feed 1.5-2.5/ dis-
solved oxygen concen-
tration of the reactor 2
3 mg/L

N.R.

N.R.

Acidiphilium cryptum was
dominant bacteria when
concentration of TSB was
0.500 g/L and HRT** was
24 h, whereas Alicyclobacil-
lus cycloheptanicus was
dominant, when TSB con-
centration and HRT re-
duced to 0.250 g/L and 6 h,
respectively.

N.R.

Demir et al.
2020

*CMBR: ceramic membrane bioreactor

**HRT: hydraulic retention time
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In the study of Puhakka & Tuovinen (1987), the influence of yeast extract on bioleaching
of a complex sulfide ore material was studied. The results of their study showed that
yeast extract concentration of >0.22 g/L, enhanced bioleaching with all the studied mi-
crobial cultures, as seen in Table 3. The metal recoveries were between 2 to 17 times
higher, when 0.22 g/L of yeast extract was present, compared to the groups containing
0.02 g/L of yeast extract. It was reported that yeast extract-to-sulfide ore ratio was a

significant factor for enhancing bioleaching.

Li et al. (2011) studied the influence of yeast extract and temperature, on bioleaching of
chalcopyrite and on the composition of the microbial community. At temperature of 30
°C, yeast extract decreased the bioleaching rate possibly due to reduced quantity of
significant chemolithoautotrophs, such as A. ferrooxidans and A. thiooxidans. At temper-
ature of 40 and 50 °C, yeast extract addition increased the bioleaching rate, as seen in
Table 3. The results of the study indicated that presence of yeast extract enhanced the
bioleaching rate, possibly due to increased proportion of Ferroplasma thermophilum,
when temperature was 40 °C, and increased proportion of Acidianus brierleyi at temper-
ature of 50 °C. At temperature of 60 °C, presence of yeast extract did not affect the
bioleaching rate. Huynh et al. (2020) studied the influence of different initial growth con-
ditions of bacteria on biological iron oxidation and to stress response. This study showed
that yeast extract increased biological iron oxidation and relieved the stress response of
bacteria to NaCl, as seen in Table 3. The stress response was studied by monitoring

biological iron oxidation and cell growth.

In addition to these above-mentioned studies, also Rowe & Johnson (2008) and Zhang
et al. (2015) studied the influence of yeast extract on bacterial cell growth and biological
iron-oxidation. Rowe and Johnson (2008) reported that the cell density of obligately het-
erotrophic Ferrimicrobium-like isolate was increased in the presence of yeast extract,
resulted in higher initial biological iron oxidation. In the study of Zhang et al. (2015), the
influence of yeast extract on the cell growth was investigated. They reported that the
presence of 0.2 g/L of yeast extract caused minor inhibition on the growth of L. ferriphi-
lum, and 0.4 g/L yeast extract concentration completely inhibited the growth. Whereas
Ferroplasma thermophilum seemed to require yeast extract for optimal cell growth when
ferrous iron was the substrate. Therefore, it was suggested that inhibitory effect of yeast
extract on obligately chemolithoautotrophic L. ferriphilum can be mitigated when using

mixed microbial culture, including chemomixotrophic F. thermophilum, for bioleaching.
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Influence of TSB, with other factors, on the composition of the mixed iron oxidizing aci-
dophilic bacteria culture, have been studied by Demir et al. (2020). Because the purpose
of the study was to observe how variable factors: hydraulic retention time (HRT), pH, and
Fe(Il) concentration, affect to the performance of ceramic membrane bioreactor (CMBR)
and to the composition of microbial culture present, optimal bioleaching enhancing con-
centration of TSB was not studied during the experiment. The results of this study
showed that the composition of the microbial culture varied during the operation of the
CMBR, as seen in Table 3. From these results, it was suggested that HRT and concen-
tration of TSB were able to affect to the composition of the microbial community, and

thereby possibly affect the bioleaching performance.

3.2.4 Surfactants

Surfactants are surface active agents used to reduce the interfacial or surface tension of
various materials. Because the general working mechanism of the surfactants can be
utilized with various materials, they are widely used in various industrial sectors, such as
in pharmaceutical, food, and cosmetics sectors. (Schramm et al. 2003; Ghadiri et al.
2019) Surfactants typically consist of a hydrophobic alkyl chain group (8-20 carbons),
which has the ability to repel water, and a hydrophilic functional group, which is attracted
to water. Due to these qualities of the surfactants, they can modify the surface or the

interfacial tension of various materials (Schramm et al. 2003; Lan et al. 2009).

The surfactants that potentially enhance bioleaching can be distributed into three cate-
gories based on their ionic character: anionic, cationic, and non-ionic surfactants (Dun-
can et al. 1964; Lan et al. 2009; Pan et al. 2020). Difference between these three sur-
factants is in their hydrophilic head. Anionic surfactants contain a negatively charged
functional group in their hydrophilic head, while cationic surfactants contain a positively
charged hydrophilic head, and non-ionic surfactants have functional group which carry
no charge (Schramm et al. 2003; Lan et al. 2009) Because the chemical structures and
the charges of the hydrophilic heads of these different surfactant types vary, also their
ability to enhance the bioleaching process varies and is affected for example by the type
of mineral leached (Duncan et al. 1964; Schramm et al. 2003; Lan et al. 2009).

In bioleaching process, surfactants can be used as additives which are able to enhance
the bioleaching rate by changing the wettability and charge of the mineral surface, low-
ering the surface tension of a bioleaching solution phase, and lowering the interfacial
tension between a solution phase and a biological phase. Therefore, improving the bi-

oleaching solution flow penetration into pores and cracks of the minerals and hastening
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bacteria for reaching equilibrium on the surface of the mineral. (Kingma & Silver 1979;
Sandoval et al. 1990; Zhang et al. 2008; Lan et al. 2009; Pan et al. 2020)

Even though the surfactants can potentially enhance the bioleaching process, they can
also negatively influence the bioleaching by damaging the cells of the microorganisms
at high concentrations. This negative effect has been reported with anionic, cationic, and
non-ionic surfactants. (Harrison 1991; Harrison et al. 1991) One possible factor which
may affect the performance of the surfactants, is surfactant specific critical micelle con-
centration (CMC). When the surfactant concentration is above CMC, it begins to form
thermodynamically stable micelles. It has been reported that toxicity of the surfactants
can be dependent on CMC of the surfactant. The toxic effects have been reported when
the concentration of the surfactants has been close or higher than CMC. (Inacio et al.
2011; Rios et al. 2017) Therefore, it is crucial not only to determine the optimal bioleach-
ing enhancing the surfactant concentration, but also define the bioleaching inhibitory

concentration.

Information about the studies, concerning the influence of the various surfactants on bi-
oleaching, is presented in Table 4, 5, and 6. In the tables, the surfactants are distributed
into three categories by their ionic character. Because the working mechanisms of the
different surfactants are generally similar, these are not presented in the table, but dis-

cussed in the text.

Anionic surfactants

Information about the different anionic surfactants studied earlier, are presented in Table
4.
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Table 4.  Information about studies on the influence of anionic surfactants. (Note: (+) in “Ability to enhance bioleaching” column implies that positive impact on
bioleaching is possible and - implies no impact or negative impact on bioleaching.)
Experimental Optimal Minimum Ability to
Surfactant Experlr_nental Microorganism(s) conditions: enhancm_g |nh|b|tory Results _enhanc_e Reference
design Temperature/ concentration concentration bioleaching
pH/ aeration (%, viv) (%, viv) (+/-)
35 °C/ initial 0.01 (maximum Copper concentration after 28 days
Duponol 80 Shake flask A. ferrooxidans pH 2.5/ by noninhibitory >0.01 |°f |_nCLIJbat|on Iwgsgs;m/l:f\r t_ohtIE)e bio- - Du/nc;gg 4et
shaking conc.) ogical control (0.97 g _ with Du- al.
' ponol 80 and 1.1 g/L without).
35 °C/ initial 0.005 (maximum Copper concentration after 28 days
Petrowet R Shake flask A. ferrooxidans pH 2.5/ by noninhibitory >0.005 IOf |_nc1:bat|on Iwas S'm':?r t.oht:;e bio- - Duln(1:gré4et
shaking conc.) ogical control (0.95 .g/ with Petro- al.
' wet R and 1.1 g/L without).
Copper concentration after 28 days
Petrowet 35 °C/ initial 0.01 (maximum of incubation was similar Duncan et
WN Shake flask A. ferrooxidans pH 2.5/ by noninhibitory >0.01 to the biological control (0.81 g/L - al 1964
shaking conc.) with Petrowet WN and 1.1 g/L with- ’
out).
30 °C/ initial All studied concentrations (0.10, Pan et al
SDBS* Shake flask A. acidophilus pH 2.0/ by N.R. 0.10 0.15 and 0.18 g/L) lowered the sur- - 2020 ’
shaking face desulfurization rate.
SIBX concentrations of 10-4-10-8
30 °C/ initial g/L elevated the cell number about
o A. albertensis BY- 4 A8 wx 2 kkk 2*107, when cell number of the bio- Zhang et al.
SIBX Shake flask 05 g:jaii:éby 10710 10 logical control was about 34*107. (*) 2008

SIBX concentration of 10 g/L also
accelerated SO4% production.

*SDBS: sodium dodecylbenzenesulfonate

**SIBX: sodium isobutyl-xanthate

*kk g/L
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As shown in Table 4, previously studied anionic surfactants include Duponol 80 (sodium
n-octyl sulfate), Petrowet R (sodium alkyl sulfonate), Petrowet WN (sodium alkyl sulfate),
sodium dodecylbenzenesulfonate (SDSB), and sodium isobutyl-xanthate (SIBX). Chem-

ical structures of the studied anionic surfactants are shown in Figure 4.

O\\\ /0_ Na
S
-
5 Y
H.C 0 o
Duponol 80
0
W 0 0" Na
H3C s”
0~ Na' SDSB
n
CH,
Petrowet R ) C/]\/O\/S_ L
3
. I
W 0 S

S
-~
H:ﬁHO ¥ SIBX

]

Petrowet WN

Figure 4. Chemical structures of the studied anionic surfactants, drawn with
ChemSketch (Flick 1993; Pubchem 2021A; Sigma-Aldrich 2021A; Thermo
Fischer Scientific 2021).

Duncan et al. (1964) studied the impact of different anionic surfactants: Duponol 80,
Petrowet R, and Petrowet WN, on bioleaching of museum-grade chalcopyrite (CuFeSy).
As seen in Table 4, the results of the study showed that none of the three different anionic
surfactants had an impact on bioleaching. However, any possible reasons for the poor
performance of the anionic surfactants were not introduced in the study. (Duncan et al.,
1964)

In the study of Pan et al. (2020), the influence of SDBS on bacterial desulfurization effect
and on the surface tension of the bioleaching solution was investigated. From the results
of their study, it was observed that SDBS lowered the bacterial desulfurization effect of
the high-sulfide ore compared to the biological control (Table 4). It was also reported that
when SDSB was present, the surface tension of the bioleaching solution became similar
to the biological control after five experimental days. High surface tension indicated that
the surfactant concentration was very low referring that most of the surfactant was de-

stroyed. According to these above-mentioned results, it seems that SDBS does not have
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a positive impact on bioleaching process and durability of it can be poor in certain leach-

ing conditions.

From all the studied anionic surfactants presented in Table 4, surfactant SIBX is the only
surfactant that has shown some positive signs for potentially enhancing bioleaching, by
improving the growth and sulfur oxidizing activities of a microbial culture of A. albertensis
BY-05. Zhang et al. (2008) reported that the optimal concentration range of SIBX was
104-10® g/L, when the cell concentration was in its highest level, as seen in Table 4.
Also, from their results, it was concluded that the studied surfactants were able to alter
the surface characteristics of the minerals and enhance the connection between bacte-

rial cells and elemental sulfur particles.

Cationic surfactants

Information about the different cationic surfactants studied earlier, are presented in Table
5.
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Table 5.  Information about studies on the influence of cationic surfactants. (Note: (+) in “Ability to enhance bioleaching” column implies that positive impact on
bioleaching is possible.)
Experimental Optimal Minimum Ability to
Surfactant Experlr_nental Microorganism(s) conditions: enhancm_g |nh|b|tory Results _enhanc_e Reference
design Temperature/ concentration concentration bioleaching
pH/aeration (%, viv) (%, viv) (+-)
Copper concentration after 19
35 °Clinitial pH 0.01 (maxi- days of incubation was similar to Duncan et
Armour 461 Shake flask A. ferrooxidans 2.5/ by shak- mum noninhib- >0.01 the biological control (0.70 g/L -
; . . al. 1964
ing itory conc.) with Armour 461 and 0.66 g/L
without).
Hyamine Shake flask A. ferrooxidans Sﬁ oZCé/I rg)itial mOu(r)r?lo(rr::ﬁ:b >0.001 dC:;Sp;E ;%E%i?fgi“&g:g%ffs + Duncan et
2389 ’ pH 2.9/ Dy ; ' higher with Hyamine 2389, com- al. 1964
shaking itory conc.) . .
pared to the biological control.
Copper concentration after 19
35 °C/ initial 0.001 (maxi- days of incubation was similar to Duncan et
Nopco CVT  Shake flask A. ferrooxidans pH 2.5/ by mum noninhib- >0.001 the biological control (0.78 g/L - al 1964
shaking itory conc.) with Nopco CVT and 0.66 g/L ’
without)
o s . Copper concentration after 19
35 °C/ initial 0.005 (maxi- . : o
Quaker Shake flask A. ferrooxidans pH 2.5/ by mum noninhib- >0.005 dgys of incubation was 5(.) Yo . + Duncan et
TT5386 ; ; higher compared to the biological al. 1964
shaking itory conc.)
control.
35 °C/ initial Copper concentration after 19
Quaker ) days of incubation was about two Duncan et
TT5518  Snake flask A. ferrooxidans PH 2.5/ by ) 0.005 times lower compared to the bio- ) al. 1964
shaking .
logical control.
35 °C/ initial Copper concentration after 19 Duncan et
Ultrawet 40 Shake flask A. ferrooxidans pH 2.5/ by 0.005 0.005 days of incubation was similar to - al 1964

shaking

the biological control.
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CTMAB*

Shake flask A. acidophilus

30 °C/ initial
pH 2.0/ by
shaking

0.010**

N.R.

Surface desulfurization rate was
2.9%, 1.6%, and 0.87% higher
with 0.010, 0.050 and 0.090 g/L
CTMAB concentrations, respec-
tively, compared to the biological
control. However, during the 5-
day surface tension study, the
surface tension of the solution be-
came similar to the biological con-
trol.

*+)

Pan et al.
2020

* CTMAB: cetyltrimethylammonium bromide

*k g/L



30

As shown in Table 5, previously studied cationic surfactants include Armour 461 (sys-
tematic name unknown), Hyamine 2389 (methyldodecylbenzyl trimethyl ammonium
chloride), Nopco CVT (systematic name unknown), Quaker TT5386 (systematic name
unknown), Quaker TT5518 (systematic name unknown), Ultrawet 40 (systematic name
unknown), and cationic cetyltrimethylammonium bromide (CTMAB). Chemical structures

of the cationic surfactants, of which systematic names are known, are presented in Fig-

CHs3
H'jc/\/\A/\Am;

|—1-jt:—|'~|1'—|:H-3 o
CH,

3

ure 5.

Hyamine 2389

Figure 5. Chemical structures of the known cationic surfactants, drawn with
ChemSketch (Sigma-Aldrich 2003, Pubchem 2021B).

In the study of Duncan et al. (1964), the influence of the cationic surfactants: Armour
461, Hyamine 2389, Nopco CVT, Quaker TT5386, Quaker TT5518, and Ultrawet 40, on
bioleaching of museum-grade chalcopyrite was studied. As seen in Table 5, their results
showed that Armour 461, Nopco CVT, and Ultrawet 40 had no impact on bioleaching,
whereas the single studied Quaker TT5518 concentration of 0.005% (v/v) was inhibitory
towards bioleaching. Their results also showed that Hyamine 2389 and Quaker TT5386,
enhanced bioleaching, but they were not as efficient surfactants as the most efficient

non-ionic surfactant of the study (Tween 20).

Pan et al. (2020) studied the influence of CTMAB on bacterial desulfurization effect and
on the surface tension of the bioleaching solution. The results of the study showed that
CTMAB had a slight positive effect on the surface desulfurization of the high-sulfide ore,
as seen in Table 5. The surface tension results showed that after five experiment days,

the surface tension of the bioleaching solution became similar to the biological control
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as in case of anionic surfactant SDBS. However, CTMAB lowered the surface tension
more in the beginning of the 5-day study, before desulfurization, than SDBS, but then
increased to the similar level with SDBS. High surface tension of CTMAD addition group
indicated that most of the surfactant was destroyed.

Non-ionic surfactants

Information about the different non-ionic surfactants studied earlier, are presented in Ta-
ble 6.
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Table 6.  Information about studies on the influence of non-ionic surfactants. (Note: (+) in “Ability to enhance bioleaching” column implies that positive impact on
bioleaching is possible.)
Experimental Optimal Minimum Ability to
Surfactant Experu_nental Microorganism(s) conditions: enhancm_g |nh|b|tor¥ Results _enhanc_e Reference
design Temperature/ concentration concentration bioleaching
pH/aeration (%, viv) (%, viv) (+/-)
Copper concentration after 28
Igepal CO- . 35 °C/ initial pH days of incubation was 30% lower ) Duncan et
630  OShakeflask A ferrooxidans 2.5/ by shaking N.R. 0.01 compared to the biological con- al. 1964
trol.
Copper concentration
35 °C/ initial bH after 18 days of incubation was Duncan et
Shake flask A. ferrooxidans P 0.003-0.004 >0.005 about two times higher, with opti- +
, 2.5/ by shaking ; al. 1964
Triton X- mal concentration range, com-
100 pared to the biological control.
R Copper yield after 24 days of in-
Shake flask  A. ferrooxidans 30 °C/initial pH 0.030* >0.120*  cubation was 42% higher com- ¥ Zhang et al.
2.0/ by shaking . . 2019
pared to the biological control.
Copper concentrations
after 18 days of incubation were
about three times higher, with op-
35 °C/ initial pH timal concentration range, com- Duncan et
Tween 20  Shake flask A. ferrooxidans 2.5/ by shaking 0.001-0.004 >0.01 pared to the biological control. + al 1964

Copper yields after 24 days of in-
cubation were about 2.1-2.3
times higher compared to the bio-
logical control.



65 °C/ initial pH

Copper recovery was similar to
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Mixed thermophilic * * the biological control, but Tween Ghadiri et
Shake flask - iure 1.3 and 1.1/ by 0.010 0.020 20 addition decreased the initial - al. 2019
shaking .
leaching lag phase.
Copper yields after 24 days of in-
) 35 °C/ initial pH cubation were about 1.7-2.0 Duncan et
Tween 40  Shake flask A. ferrooxidans 2.5/ by shaking 0.003-0.005 >0.005 times higher compared to the bio- + al 1964
logical control.
Copper yield after 24 days of in-
; 35 °C/ initial pH cubation was about 1.9 times Duncan et
Tween 60 Shake flask A. ferrooxidans 2.5/ by shaking 0.001 >0.005 higher compared to the biological * al. 1964
control.
Copper yields after 24 days of in-
) 35 °C/ initial pH cubation were about 1.9-2.0 Duncan et
Shake flask A. ferrooxidans 2.5/ by shaking 0.001-0.003 >0.005 times higher compared to the bio- * al. 1964
logical control.
Tween concentration of 108 g/L
elevated the cell number about
. o) e 2*107, when cell number of the bi-
Shake flask A. albertensis BY- 30 °C/ |n|t|aI.pH <108 * >10-2* ological control was about 30*107. (+) Zhang et al.
05 3.8/ by shaking ) 8 2008
Tween 80 concentration of 10
g/L also slightly accelerated SO4?
Tween 80 production.
R With the highest studied Tween
. . 65 °C/ initial pH X .
Shake flask Mixed thermophilic 1.3 and 1.1/ by NR. 0.010* 80 concentration of 0.02 g/L, cop- ) Ghadiri et
culture . per recovery was decreased by al. 2019
shaking o
12.6%.
Surface desulfurization rate was
24% higher with 0.1% (v/v) con-
30 °C/ initial pH centration of Tween 80 compared Pan et al
Shake flask A. acidophilus 2.0/ by shaking 0.1 >0.5 to the biological control. With the + 2020

same concentration, also the
change rate of the surface tension
was lowest (about 6%).
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65 °C/ initial pH

Plurafac LF Mixed thermophilic . Copper recovery was similar to Ghadiri et
120 Shake flask culture ;hs;sl?% 1.1/ by N-R. 0.010 the biological control. al. 2019
65 °C/ initial bH Copper recovery was about 30%
Plurafac LF Shake flask Mixed thermophilic 13 and 1 1/£ N.R 0.005* lower with 0.005 g/L Plurafac LF Ghadiri et
600 culture sﬁakin by o ' 600 concentration compared to al. 2019
9 the biological control.
Lutensol XL Shake flask Mixed thermophilic ?53 aCn/d|n1|t|:3/I gH N.R N.R Copper recovery was similar to Ghadiri et
90 culture sllwaking 1By o o the biological control. al. 2019
Mixed cultures of A Compared to the biological control,
ferrooxidans, A. thi- 30 °C/ 2.0/ by Zinc extraction rate was 5% and Lan et al
OPD** Shake flask . U o 0.01-0.05* N.R. 10% higher, using 0.01 and 0.05 ’
ooxidans and L. fer- shaking L OPD vel 2009
rooxidans g/L OPD, respectively.
PEG assisted more efficiently
chalcopyrite dissolution between
e o g experiment days 3-21. In the final
PEG . 30 °C/ initial pH . . Zhang et al.
2000 Shake flask A. ferrooxidans 2.0/ by shaking 0.090 N.R. day of the experlr_nent (day 21), 2016
copper concentration was more
than two times higher compared to
the biological control.
* g/l

**OPD: O-phenylenediamine

**PEG: polyethylene glycol
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Chemical structures of the studied non-ionic surfactants, shown in Table 6, are presented

in Figure 6.
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Figure 6. Chemical structures of the studied nonionic surfactants, drawn with
ChemSketch (BASF 2003; BASF 2008; Johnson 2013; Sigma-Aldrich 2021B;
Sigma-Aldrich 2021C; Sigma-Aldrich 2021D).

Duncan et al. (1964) studied the influence of the maximum non-inhibitory concentration
of non-ionic surfactants, on bioleaching of chalcopyrite. Their study was executed by
using six different non-ionic surfactants: Igepal CO-630 (polyoxyethylene (9) nonylphenyl
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ether), Triton X-100 (t-octylphenoxypolyethoxyethanol), Tween 20 (polyethylene glycol
sorbitan monolaurate), Tween 40 (polyoxyethylene sorbitan monopalmitate), Tween 60
(polyoxyethylene sorbitan monostearate) and Tween 80 (polyethylene glycol sorbitan
monooleate). During their study, it was noticed that from the non-ionic surfactants, Igepal
CO-630 lowered the bioleaching rate of copper, whereas other non-ionic surfactants en-
hanced the bioleaching process, as seen in Table 6. Their results showed that from all
the studied surfactants, Tween 20 was the most effective surfactant. When Tween com-
pounds (Tween 20, 40, 60, and 80) were more closely studied it was also reported that
Tween-to-chalcopyrite ratio was more essential factor for enhancing bioleaching than
Tween-to-medium ratio, and no individual constituent of Tween molecule was account-

able for the enhanced bioleaching.

Influence of Triton X-100 have been studied by Zhang et al. (2019), in addition to Duncan
et al. (1964). In their study, the influence of Triton X-100 on bioleaching of highly pure
chalcopyrite was investigated. During their study, it was noticed that the bioleaching ef-
ficiency slightly decreased initially under the stress of Triton X-100, but then started rap-
idly increase, resulting in higher copper yield (Table 6). The results of their study also
indicated that Triton X-100 induced bioleaching by enhancing the bioavailability of sulfur

by destroying the passivation layer structure of chalcopyrite.

In the study of Ghadiri et al. (2019), influence on bioleaching of chalcopyrite concentrate
(71.3 wt%) was studied with five different non-ionic surfactants: Tween 20, Tween 80,
Plurafac LF 120 and LF 600 (consist of alkoxylated predominantly unbranched fatty al-
cohols, higher alkene oxides, and ethylene oxide), and Lutensol XL 90 (alkyl polyeth-
ylene glycol ethers made from a C10-Guerbet alcohol and ethyleneoxide with alkylene
oxides). Their results showed that none of the studied surfactants increased the copper
recovery from chalcopyrite at thermophilic temperature (65 °C) (Table 6). However, it

was reported that 10 mg/L of Tween 20 decreased the initial leaching lag phase.

Influence of Tween 80 on bioleaching has been studied by Zhang et al. (2008) and Pan
et al. (2020), in addition to Duncan et al. (1964) and Ghadiri et al. (2019). In the study of
Zhang et al. (2008), the influence of Tween 80 on growth and sulfur oxidizing activity of
A. albertensis was investigated. They reported that Tween 80 enhanced the growth and
the sulfur oxidizing activity of the bacteria in 108 g/L or lower concentrations, as seen in
Table 6. Pan et al. (2020) studied the influence of Tween 80 on bioleaching of a high-
sulfide ore. Their results showed that 0.1% (v/v) Tween 80 concentration increased sur-

face desulfurization rate, whereas concentrations higher than 0.5% (v/v) inhibited it.
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In addition of the above-mentioned non-ionic surfactants, the influence of non-ionic sur-
factants o-phenylenediamine (OPD) (Lan et al. 2009) and polyethylene glycol (PEG)
2000 (Zhang et al. 2016) on bioleaching have also been studied. Lan et al. (2009) re-
ported that OPD in low concentrations (0.01-0.05 g/L) enhanced biological zinc extrac-
tion from marmatite (Table 6). They reported that zinc was distinguishingly bioleached
over iron. At the same time OPD in low concentrations seemed to favour the biological
sulfur oxidation, which was possibly due the ability of the surfactant improving the inter-
face conditions between the bacteria and elemental sulfur. During their study, OPD also
seemed to eliminate sulfur product layer of marmatite, which functions as an obstacle
towards efficient bioleaching. Zhang et al. (2016) reported that PEG 2000 accelerated
chalcopyrite dissolution and increased the copper extraction, as seen in Table 6. Their
results also showed that PEG accelerated the biological oxidation of sulfur by A. ferroox-
idans by increasing bacterial attachment to the surface of the mineral and eliminating

inhibitory elemental sulfur layer of chalcopyrite.

Factors affecting the performance of the surfactants

The efficiency of the surfactant can be affected by charge interactions between the sur-
factant and the mineral surface, and between the surfactant and the microorganisms.
Therefore, it is beneficial not only to concentrate on the charges of the different surfac-
tants, but also be aware of the charges of the bacterial cell surfaces and the mineral
surfaces. (Schramm et al. 2003; Ghadiri et al. 2019; Pan et al. 2020)

The charge of the bacterial cell surfaces differs by the species of bacteria. Generally, the
charge of the bacterial cell surface is negative, however, the charge of the bacterial cell
surface varies due to the characteristics of the bacterial cell surface and environmental
conditions. (Abbaszadegan et al. 2015) Depending on the cell surface structure, bacteria
can be gram-positive or gram-negative. The cell surface of the gram-positive bacteria is
formed from thick layers, which mainly consist of long anionic polymers, peptidoglycans,
while the cell surface of the gram-negative bacteria is formed from an external surface
layer of lipopolysaccharide and a thin layer of peptidoglycans. (Chen et al. 2008; Vilinska
& Rao 2011; Abbaszadegan et al. 2015)

The cell surface charge of the bacteria can also be affected by extracellular polymeric
substances (EPS), which is synthesized by various Bacteria and Archaea species. EPS
consist primarily of polysaccharides, proteins, lipids, and nucleic acids, and the compo-
sition of it varies only slightly, for example, between gram-positive and gram-negative

bacteria. The production of EPS is primarily provoked by the signals of the harsh growth
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environment conditions, such as high metal concentrations. (Tourney & Ngwenya 2014;
Flemming et al. 2016) Charge of EPS is determined by the type and the protonation and
the deprotonation state of the functional groups present in EPS, such as carboxylic and
amino groups. To the protonation and the deprotonation state of the functional groups
are highly affected by the pH of the solution. Even though EPS are generally negatively
charged, it has been reported that in acidic solution (pH below 2.5), EPS is positively
charged (Wang 2012; Tourney & Ngwenya 2014)

It has been demonstrated that positively charged silver nanoparticles have been more
bactericidal active against gram-negative bacteria, suggesting that gram-negative bac-
teria have usually more negatively charged cell surfaces. However, it has been reported
that silver nanoparticles have been less bactericidal active against gram-negative bac-
teria Escherichia coli, suggesting that charge of the bacterial cell surface varies plenty,
due to the bacterial species. (Abbaszadegan et al. 2015) In the study of Vilinska & Rao
(2011), it has been reported that gram-negative iron oxidizing bacteria A. ferrooxidans
has negative surface charge in the entire pH range, when the bacteria have been grow-
ing without high metal concentrations. However, when A. ferrooxidans is adapted to high
zinc or copper concentration, it has a positive surface charge at pH range below 3.3.
Decreased cell surface charge is due to the accelerated production of EPS. (Vilinska &
Rao 2011) Same kind of cell surface charge behaviour has also been reported with A.
caldus (Chen et al. 2008). Therefore, it can be concluded that gram-characteristics of
the bacteria can generally affect to the charge of the bacterial cell surface, however, the
cell surface charge also varies a lot according to the species of the bacteria and EPS
formation. (Vilinska & Rao 2011; Abbaszadegan et al. 2015)

Previously, the diverse microbial community of the Terrafame’s bioleaching heaps has
been studied by Halinen et al. (2012). In their study, microbial composition, and dynamics
of a pilot-scale bioleaching heap was investigated. In their study, the most prominent
microorganisms observed in the pilot-scale heap included five species of Acidithiobacil-
lus: A. ferrooxidans, A. ferrivorans, A. ferridurans, A. caldus and A. thiooxidans, bacte-
rium related to clone H70, related to Moorella sp., L. ferrooxidans, Sb. thermosulfidoox-
idans, and archaeon ant b7, closest known species Thermoplasma acidophilum. Infor-
mation about the most prominent microorganisms present in the pilot-scale bioheap and

their cell surface properties are presented in Table 7.
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Information about the most prominent microbial genus/species, presented in Terrafame pi-

lot-scale bioheap, and their cell surface properties (Halinen et al. 2012).

Microbial genus / Gram-positive/ Charge of the cell surface Reference
species -negative
Acidithiobacillus
e A.ferrooxidans Cell surface charge is generally nega- Vilinska & Rao
) ) . tively charged, however, when pH is 2011. Ch t ’I
* A ferrivorans  Gram-negative low (<3.5) and high concentration of 0 ,ZOCOSer;&e ar
e A ferridurans metals is present, cell surface of the Abbaszadegan et
bacteria is positively charged due the al. 2015

e A. caldus

e A. thiooxidans

formation of EPS.

Bacterium related to
clone H70, related to
Moorella sp.

Gram-positive
(Moorella sp.)

Negatively charged cell wall. No infor-
mation available about EPS for-
mation.

Slobodkin et al.
1997

L. ferrooxidans

Gram-positive

Negatively charged cell wall. In bi-
oleaching conditions, forms positively
charged EPS.

Bleeze et al. 2018

Sb. thermosulfidooxi-
dans

Gram-positive

Negatively charged cell wall. In bi-
oleaching conditions forms positively
charged EPS.

Vardanyan et al.
2019

Archaeon ant b7, clos-

est known species
Thermoplasma aci-
dophilum

Gram-negative
(Thermoplasma)

Constant negative charge of the cell
surface when pH is 2-5. No infor-
mation available about EPS for-
mation.

Hsung & Haug,
1977

Performance of the surfactants can be affected, in addition to the cell surface charges of

the bacteria, by surface charge of the ore. Surface charge of the ore is mainly influenced

by the mineral composition of the ore, and pH of the solution, when the ore is present in

colloidal system. (Tourney & Ngwenya 2014; Bleeze et al. 2018) Generally sulfide ores,

such as Terrafame polymetallic black schist ore, form a negatively charged surface layer,

when the ore particles are present in acidic aqueous solution. Surface charge of the

sulfides can, however, change according to the mineral composition of the sulfide, pH of

the solution, and stage of the bioleaching. (Bleeze et al. 2018; Chen et al. 2008) Ter-

rafame polymetallic black schist ore is mainly formed from zinc, nickel, iron, copper, and

cobalt sulfide. Information about surface charges of these various sulfide minerals, pre-

sent in Terrafame black schist ore, are shown in Table 8.
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Table 8. Information about surface charges of the various sulfide minerals, present in ore of Ter-
rafame.
Sulfide mineral Surface charge Reference
Zinc sulfide Neutral Wang et al. 2011
Nickel sulfide Negative Lietal. 2014
Iron sulfide (pyrite) Negative Bleeze et al. 2018

Chalcopyrite has a negatively
charged surface. Surface
charge of the passivation
layer, which have been pro-
posed to form, for example,
from jarosite and different sul-
fur species, can vary between
neutral, positive, and negative.

Sadowski et al. 2001 &

Copper sulfide (chalcopyrite) Chen et al. 2008

Cobalt sulfide Negative Lietal 2014

From the possible sulfide minerals present in Terrafame ore, zinc sulfide (ZnS) has been
reported to have neutral charge, when pH has been below ~ 3. However, it has also been
reported that the elemental composition of zinc sulfide affects to the surface charge. For
example, higher sulfide concentration of the mineral lead to a more negative charge
(Wang et al. 2011). Surface properties of nickel and cobalt sulfide have been investigated
by Li et al. (2014) in their bioleaching experiment of four different thermophiles. They
reported that nickel and cobalt sulfide have a negative surface charge at acidic condi-
tions. From the iron sulfides, for example, surface charge of pyrite (FeS.), have been
reported to be negative in acidic bioleaching conditions. Negative charge of pyrite has
been reported, for example, to have a positive effect to the attachment of bacteria, which

have formed positively charged EPS in bioleaching conditions (Bleeze et al. 2018).

From the different sulfide species, copper sulfide, chalcopyrite, and its surface, has been
studied by Chen et al. (2008), during the bioleaching process. They have been reported
that surface charge of chalcopyrite is negatively charged in acidic bioleaching conditions,
when bacterial cells, such as A. caldus, have been presented. However, passivation
layer formed onto the surface of the chalcopyrite, during the bioleaching process, is pos-
sibly able to change the surface charge of the mineral. It is proposed that the passivation
layer is partially formed from jarosite, which has been reported to be positively charged
mineral below pH 3.9. (Sadowski et al. 2001; Ren et al. 2020) In addition to jarosite, it
has been also proposed that passivation layer of chalcopyrite is formed from different

sulfur species, such as elemental sulfur (S°) and insoluble sulfate (SO4%), which can alter
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the surface charge of the chalcopyrite to neutral direction or more negative direction.
(Chen et al. 2008; Zhang et al. 2016; Ren et al. 2020)

3.2.5 EPS inducing additives

As seen in previous chapter, various bioleaching microorganisms are able to synthesize
EPS, when metal concentrations are high in growth environment. Because at low pH
formed EPS is positively charged, it is possible that it can enhance the attachment of the
bioleaching microorganisms onto the surface of negatively charged ore material, such
as sulfide ores. (Sadowski et al. 2001; Wang et al. 2011; Wang 2012; Li et al. 2014;
Tourney & Ngwenya 2014; Bleeze et al. 2018). Formed EPS can function in various
fields of microbial activity, for example, by forming an actively working and absorbing
surface area, serving a space for oxidation, enhancing microbial adhesion, functioning
as a protective layer against various inhibitors (i.e., metals), and therefore potentially
enhance the bioleaching efficiency of the bacteria (Figure 7) (Yu et al. 2013; Tourney &

Ngwenya 2014; Flemming et al. 2016).

Microbial cell with EPS
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Figure 7. Various microbial processes affected by extracellular polymeric sub-
stances (EPS). Spotted layer covering the microbial cell presents EPS. (modi-
fied from Tourney & Ngwenya 2014)

The formation of EPS can also be potentially enhanced by using organic EPS inducing
additives. The studied additives have been mainly monosaccharides. Although these or-
ganic compounds have been reported to have inducing effect on EPS, it is also possible
that using these additives with unadapted chemolithotrophs bacteria can result inhibition.
(Flemming et al. 2016; Bellenberg et al. 2012; Saavedra et al. 2020) In mining conditions,
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it has been reported that the bioleaching microorganisms are complex, and consist of
chemolithotrophs, chemomixotrophs and heterotrophs. Therefore, it is probable that
chemolithotrophs from the mining conditions have already been contacted with carbohy-
drates (Kinzler et al. 2003; Petersen 2016).

Information about the studies on EPS inducing additives, are presented in Table 9.
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Table 9.  Information about the studies on the different EPS inducing additives. (Note: (+) in “Ability to enhance bioleaching” column implies that positive impact on
bioleaching is possible, and - no impact or negative impact on bioleaching.)
Experimental Optimal Minimum Ability to
EPS . o . S
. - Experimental . . conditions: enhancing inhibitory enhance
inducing desi Microorganism(s) T / : ? Results bioleachi Reference
additive esign emperat_ure concentration concentration ioleaching
pH/aeration (g/L) (g/L) (+/-)
Galactose concentration of 2.5 g/L
increased ConA* signal from A. fer-
2.5 (single rooxidans about 2.6 times (with ga-
. 28 °C/ initial pH L ) lactose: 2008 MGV**, without ga- ) Bellenberg
Shakeflask — A.ferrooxidans g/ by shaking ~ Studied con NR. lactose: 454 MGV). Pyrite dissolu- et al. 2012
centration) : i
tion rate was similar, compared to
the biological control.
EPS production was 0.63 g/g cell
Galactose dry weigh, when 2.5 g/L of galac-
. 30 °C/ initial pH tose was present during pre-cultiva- Aguirre et
Shake flask L. ferrooxidans 1.8/ by shaking 2.5 N-R. tion, while EPS production without *) al. 2018
galactose was 0.044 g/g cell dry
weight.
Microbial cultures cultivated in the
0.25 (when presence of 3.5 g/L of D-galactose,
. ) 30°C/1.8/0.5 j ) reached about 25% higher toler- Saavedra
Bioreactor A. ferrooxidans o 3.5 cell density : L . (+)
L/min air flow was low) ance against ferric iron (with galac- etal. 2020
tose: 48+1.9 g/L, without galactose:
39+0.47 g/L).
Glucose concentration of 2.5 g/L in-
creased ConA signal from A. fer-
R 2.5 (single rooxidans about 2.6 times (with glu-
Glucose  Shake flask A. ferrooxidans 28 °C/ |n|t|aI.pH studied con- N.R. cose: 120+13 MGV, without glu- - Bellenberg
1.8/ by shaking etal 2012

centration)

cose: 45+4.0 MGV). Pyrite dissolu-
tion rate was similar, compared to
the biological control.
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Casamino Shake A. ferrooxi-

acids

flask dans

28 °C/ initial pH 1.8/ by
shaking

N.R.

2.5

ConA signal was similar to the bio-
logical control (with casamino ac-
ids: 57+4.0 MGV, without casamino
acids: 45+4.0 MGV). Pyrite dissolu-
tion rate was lower compared to the
biological control.

Bellenberg
etal. 2012

*ConA: concanavalin A

**MGV: mean gray value
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In the study of Bellenberg et al. (2012), the influence of D-galactose on the production of
capsular polysaccharides (CPS) of the cell was studied. CPS is one of the possible forms
of ESP, in addition to more loosely contacted slime polysaccharides. They reported that
D-galactose increased CSP amount of the A ferrooxidans cells, when the cells were
grown as biofilms, as seen in Table 9. The CPS amount was visualized by using fluores-
cently labelled lectin Concanavalin A (ConA) signal and confocal laser scanning micros-
copy (CLSM). In their study, leaching of pyrite was also investigated by observing plank-
tonic cell numbers and concentration of sulfate. Their results showed that galactose did
not enhance bioleaching of pyrite when A. ferrooxidans were present. (Bellenberg et al.
2012)

Aguirre et al. (2018) reported that EPS amount increased, and the chemical composition
of ESP changed, when galactose concentrations increased (Table 9). During their study,
it was also noticed that galactose enhanced the attachment of the microbial cells. The
highest attachment rate was reported, when 2.5 g/L of galactose was present. According
to these above-mentioned results, it was suggested that galactose may enhance the

biological oxidation processes of the studied bacteria (L. ferrooxidans).

Saavedra et al. (2020) studied the influence of galactose on the formation of EPS, by
evaluating the biological oxidation activity of A. ferrooxidans and its tolerance against
high concentrations of Fe(lll). They reported that D-galactose inhibited the cell growth,
when the cell density was low, but this inhibitory effect was not present with higher cell
densities. The results of their study also showed that microbial cultures cultivated with
D-galactose reached higher EPS formation and tolerance against Fe(lll), as seen in Ta-
ble 9, suggesting that the greater volume of EPS on cells, leaded to enhanced tolerance

of the bacteria against Fe(lll).

Bellenberg et al. (2012) reported, in addition to D-galactose, also the influence of glucose
and casamino acids on CPS formation. The results of their study showed that glucose
increased CPS formation similarly to galactose (Table 9). However, this same CPS for-

mation promoting effect as galactose and glucose was not reported with casamino acids.

3.2.6 Other bioleaching enhancing additives

In addition to these previously mentioned additives, organic compound of ethylene thio-
urea (ETU), has also shown signs of enhancement of bioleaching (Ren et al. 2020). ETU
is an organosulfur compound, and an environmental degradation product of ethylene
bisdithiocarbamate fungicides (Figure 8) (Engst & Schnaak 1974). Ren et al. (2020) stud-
ied the catalytic influence of ETU on bioleaching of chalcopyrite by A. ferrooxidans, by

using stirred tank reactors. The experiment was conducted at room temperature with
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initial pH of 1.7 of the leaching solution. The results of their study showed that 0.010,
0.050 and 0.10 g/L concentrations of ETU were able to increase the copper extraction
yield by 32%, 86%, and 86%, respectively, compared to the biological control. During
their study, it was also observed that oxidation-reduction potential (ORP) plateau was
lower compared to the biological control, when 0.050 and 0.10 g/L of ETU was present
in solution, because of the impact of ETU on the ORP of the bioleaching solution. ORP

plateau phase indicates that all Fe(ll) is oxidized into Fe(lll) form.

Figure 8. Chemical structure of ETU, drawn with ChemSketch (Ren et al. 2020).

According to these above-mentioned results it seems that ETU may have a significant
role in enhancing chalcopyrite bioleaching. (Ren et al. 2020) It is believed that the cata-
Iytic effect of ETU, is due to its thiocarbonyl functional group. Thiocarbonyl functional
group forms metal-ligand complexes with transitional metals, which have partly or fully
occupied d-orbitals, such as Cu(l) and Zn(ll) (Bombicz et al. 2004). During the leaching,
half bound surface metal ions, in the solid-liquid interface of the sulfide ore, are bonded
to the metal-ligand complex. In the metal-ligand complex, synergic bonding, between the
metal and the ligand, relieves electrons to the ligand, when enhanced stability of the
complex is achieved. This complex forming ability can destabilize the surface structure

of the chalcopyrite and accelerate the oxidation of the Cu-S compound (Ren et al. 2020).

The enhancing effect of compounds, having thiocarbonyl functional group, on leaching
of sulfide minerals have also been studied further and patented. The patent application
regards leaching of metals enhanced by contacting the sulfide minerals with an acidic
sulfate solution, containing ferric sulfate, and a reagent having thiocarbonyl group, such
as ETU and thiourea (TU). In the patent, enhancing influence of reagent TU on leaching
of the common sulfide minerals, which contain partly or fully occupied d-orbital transi-
tional metals, such as Cu(l), Cu(ll), Ni(ll), Co(ll) and Cd(ll), has been used as an example
for the functionality of the thiocarbonyl group in leaching process. In the patent, it is re-
ported that TU has been able to increase mineral extraction about 1.3—10 times, depend-
ing on the mineral composition. Because both ETU and TU contain thiocarbonyl func-

tional group, it is probable that also ETU can increase the extraction rate of the sulfide
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minerals, which contain partly or fully occupied d-orbital transitional metals, similarly to
TU. (W0O2018072029A1)

Other possible bioleaching enhancing additives, in addition to ETU, are activated carbon
and cysteine, which have been studied, for example, by Nakazawa et al. (1998) and
Rojas-Chapana & Tributsch (2000), respectively. In the study of Nakazawa et al. (1998),
the influence of activated carbon on bioleaching of chalcopyrite by A. ferrooxidans was
studied. The results showed that activated carbon enhanced the extraction of copper
from chalcopyrite and the recovery of copper increased with increasing quantity and/or
decreasing particle size of the activated carbon. Even though activated carbon enhanced
bioleaching of chalcopyrite, it is not included as one of the potential bioleaching enhanc-
ing additives used in heap bioleaching, because it is generally used as carrier material

for biofilm in bioreactor operation and not to enhance heap bioleaching.

Rojas-Chapana & Tributsch (2000) have been studied the influence of amino acid cys-
teine on bioleaching of pyrite. They reported that small concentration of cysteine con-
tacted with pyrite tripled the leaching rate of pyrite, compared to the biological control. It
was also reported that cysteine oxidized pyrite without bacteria, with leaching rate similar
to the bioleaching in normal leaching conditions. Even though cysteine seemed to en-
hance bioleaching of pyrite, it is not included either as potential bioleaching enhancing

additives used in heap bioleaching, because it is not economically viable in large scale.

In addition to these above-mentioned additives, inorganic chloride ions are also known
for enhancing the chemical leaching of chalcopyrite. However, the same enhancing ef-
fect on bioleaching have varied. (Kinnunen & Puhakka 2004; Bevilaqua et al. 2013) In
the study of Bevilaqua et al. (2013), it was demonstrated that 5.8 g/L (100 mmol/L) of
NaCl enhanced bioleaching of chalcopyrite by A. ferrooxidans, whereas, in the study of
Kinnunen & Puhakka (2004), same enhancing effect of NaCl was not observed on bi-
oleaching of chalcopyrite, when the iron oxidizing culture was dominated by L. ferriphi-
lum. Because the effects of chloride ions on bioleaching have varied with the studied
microorganisms and they have not been studied with the mixed microbial culture origi-
nating Terrafame heap bioleaching area, chloride ions are not considered as a potential

bioleaching enhancing additive for the case study.
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4. MATERIALS AND METHODS

The experiments of the study were performed in four parts. In the first part, possible
inhibition of two process liquors of the Terrafame battery chemical production plant: AS
bleed and feed, on biological iron oxidation was studied. In the second part, possible
inhibition of various constituents of the process liquors: carboxylic acid (neodecanoid
acid), Cyanex 272, Baysolvex D2EHPA, Nessol D100, and AS, on biological iron oxida-
tion was investigated. In the third part, iron oxidation enhancing effect of ammonium,
present in the process liquors, AS bleed and feed, was studied. In the fourth part, possi-

ble inhibition effect of AS bleed towards sulfur oxidation, was investigated.

4.1 Microbial cultures

In all the experiments, a mixed microbial culture, originating from an irrigating leach lig-
uor, which is a recirculated leaching solution used for irrigation of the agglomerated ores,
was used as an inoculum. The irrigating leach liquor sample was provided by multi-metal
company Terrafame Oy. The mixed microbial culture was enriched for iron oxidation.
This iron oxidizing culture was used as a stock culture for other cultures, used in the
study, according to Figure 9. The stock culture was used to enrich sulfur oxidizing micro-
organisms, which were used in the AS bleed inhibition experiment with sulfur oxidizing
enrichment culture. In addition to the sulfur oxidizing enrichment culture, the stock culture
was also used as an inoculum for iron oxidizing ammonium deficit (AD) culture 1 and 2,
which were used as an inoculum in the ammonium deficiency experiment. During am-
monium deficiency, microbial culture has a shortage of macronutrient nitrogen (ammo-
nium), which negatively effects on the cell growth, and thereby reduces the iron oxidation

rate of the microbial culture (Niemela et al. 1994; Rawlings 2007).
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Iron oxidizing AD culture 1

Iron oxidizing enrichment
Mixed microbial culture ——— culture Iron oxidizing AD culture 2
(stock culture)

Sulfur oxidizing enrichment culture
Figure 9. Diagram of the microbial cultures used in the experiments. The arrows in-

dicate the source of the inoculum. AD in the iron oxidizing AD culture 1 and 2, is
an abbreviation for ammonium deficit.

4.1.1 Iron oxidizing cultures

In the iron oxidizing experiments, two different types of iron oxidizing cultures were used

as an inoculum.

Iron oxidizing enrichment culture (stock culture)

The iron oxidizing enrichment culture was enriched from the irrigating leach liquor, and
pre-cultivated prior to the experiments to provide a high bacterial density for the experi-
ment. The iron oxidizing enrichment cultures were transferred into fresh growth medium
on every seventh day. All iron oxidizing cultures were supplemented with Fe(ll) stock,
mineral salts medium (MSM), and trace elements solution (TES), according to Table 10,
for enrichment indigenous iron oxidizing microorganisms. The total working volume of
the iron oxidizing culture was 100 mL and initial pH ~2.0 of the culture was not separately

adjusted to.

Table 10. The constituents of the iron oxidizing enrichment culture.

Culture Inoculum  MSM (%, viv) TES (%, viv) Fe(ll) stock Milli-Q
(%, viv) (%, viv) water
(%, viv)
Iron oxidizing en- 10 10 1 25 54

richment culture

The iron oxidizing enrichment culture was incubated with the orbital shaking incubator
Certomat R (Sartorius, Germany), which operated at 150 rpm and 27 + 2 °C. The culture
was weekly transferred into a fresh growth medium, in order to provide active inoculum
for the experiments. The iron oxidizing enrichment culture was used as an inoculum for

the other cultures and in most of the iron oxidation experiments.
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Iron oxidizing AD cultures

Both iron oxidizing AD cultures were enriched from the iron oxidizing enrichment culture.
Iron oxidizing AD culture 1 was supplemented with ammonium, in form of (NH4)SOa4,
whereas iron oxidizing AD culture 2 was cultivated without ammonium. The iron oxidiz-
ing AD culture 1 was used as an inoculum for the positive controls, whereas the iron
oxidizing AD culture 2 was used as inoculum for the other shake flasks in the ammonium
deficiency experiments. The iron oxidizing AD cultures were supplemented with Fe(ll)
stock, MSM, and TES, according to Table 11. The cultures were prepared similarly to
iron oxidizing enrichment culture, but the inoculum volume was only 1% (v/v), and MSM,
used with the iron oxidizing AD culture 2, was prepared without AS ((NH4)2.SO.). The
volume of inoculum was lower with these cultures, in order to remove all ammonium from
AD culture 2 prior to the ammonium deficiency experiment. Initial pH of the cultures was
adjusted to 2.0 with concentrated H2SO4 (95-97%) or 40 g/L (1 mol/L) NaOH.

Table 11. The constituents of the iron oxidizing AD cultures.
Culture Inoculum MSM MSM without TES Fe(ll) stock Milli-Q
(%, viv) (%, viv) (NH4)2S04 (%, viv) (%, viv) water
(%, viv) (%, viv)
Iron oxidizing 1 10 1 25 63
AD culture 1
Iron oxidizing 1 10 1 25 63
AD culture 2

The iron oxidizing AD cultures were transferred into fresh growth medium on every sev-
enth day. Before starting the ammonium deficiency experiment, ammonium concentra-
tion of the cultures was monitored and iron oxidation was observed, by following pH,
redox and Fe(ll) concentration. The purpose of the observation was to see when the iron
oxidizing AD culture 2 would be suitable for the ammonium deficiency experiment. Iron
oxidizing AD culture 2 was estimated to be suitable for the experiment, when no ammo-
nium was present in the culture medium and iron oxidation rate was decreased, com-
pared to the iron oxidizing AD culture 1. During the observation, samples were taken
every weekday. The sampling volume was 4 mL of the first and last samples, and 2 mL
on other days. The iron oxidizing AD cultures were incubated with the orbital shaking

incubator Certomat R (Sartorius, Germany), which operated at 150 rpom and 27 + 2 °C.
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4.1.2 Sulfur oxidizing enrichment culture

The sulfur oxidizing enrichment culture was enriched from the iron oxidizing enrichment
culture. The culture was supplemented with elemental sulfur (S°), MSM, and TES, ac-
cording to Table 12. The initial pH of the culture was adjusted to 2.0 with concentrated
H2S04 (95-97%) or 40 g/L (1 mol/L) NaOH.

Table 12. The constituents of the sulfur oxidizing enrichment culture.

Culture Inoculum MSM TES (%, viv) S%(g/L) Milli-Q
(%, viv) (%, viv) water
(%, viIv)
Sulfur oxidizing 10 10 1 10 79
enrichment cul-
ture

The sulfur oxidizing enrichment culture was pre-cultivated for four weeks before the sul-
fur oxidizing AS bleed experiment, for providing a dense sulfur oxidizing microbial inoc-
ulum for the experiment. During the pre-cultivation, sulfur oxidation was observed by
following pH and sulfate concentration. Samples were taken on Mondays and Fridays.
The sampling volume was 4 mL. After three weeks of pre-cultivation, the culture was
transferred into a fresh growth medium, which was then used as an inoculum for the AS
bleed experiment after seven days. During the sulfur oxidizing AS bleed experiment,
culture was transferred into fresh growth medium every two weeks. Similarly, as the iron

oxidizing cultures, the sulfur oxidizing culture was incubated at 150 rpm and 27 + 2 °C.

4.2 Growth medium

The microbial growth medium, used in the experiments, consisted of 10% v/v of MSM,
and 1% v/v of TES. The basic MSM was made of 37.5 g/L (NH4).SO4, 18.75 g/L
Na>SO2-10 H20, 1.25 g/L KCl, 0.625 g/L K:HPOs, 6.25 g/L MgSQO4-7 H20, and 0.175 g/L
Ca(NOs3)2'4 H20. However, MSM, used with the iron oxidizing AD culture 2 was similarly
prepared as the basic MSM, but did not contain any (NH4)>SO4. TES consisted of 1.375
g/L FeClz-6 H20, 0.0625 g/L CuSO4-5 H20, 0.25 g/L H3BOs3, 0.319 g/L MnSO4-4 H-0,
0.1 g/L Na:MoO4-2 H20, 0.075 g/L CoCl.-6 H20, 0.1125 g/L ZnSO4-7 H>0O, and 0.1125
g/L Na;SeOs. The pH of MSM and TES was adjusted to 1.8 and 1.5, respectively, with
concentrated H,SO4 (95-97%). Manufacturers of the chemicals used in these experi-

ments are presented in Appendix 1.
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The working volumes of the iron and sulfur oxidizing cultures were 100 mL, which was
accomplished by adding required volume of deionised Milli-Q water. Cultivation of the
cultures were executed by using 250 mL shake flasks. Growth medium was sterilized
each time by autoclaving MSM, TES, and Milli-Q containing shake flasks at 121 °C for

20 minutes.

With the iron oxidizing cultures, Fe(ll) stock was used as a substrate. Fe(ll) concentration
used with the iron oxidizing cultures was 5.6 g/L, which was achieved by adding 25 mL
of Fe(ll) stock, containing 22.5 g/L Fe(ll). Fe(ll) stock consisted of 112 g/L FeSO4-7 H20.
FeSO.-7 H,O for analysis was used as a substrate, during cultivation, and technical
grade FeSO4 - 7 H,O was used in the experiments. The pH of the Fe(ll) stock was ad-
justed to 1.7, with concentrated H.SO4 (95-97%), before and during the chemical addi-
tion, for preventing the chemical oxidation of Fe(ll) into Fe(lll). The Fe(ll) stock was then
sterile-filtered through 0.2 pm sterile polyethersulfone membrane filter (VWR Interna-
tional, US) in laminar, and stored in a cold room at 4 °C with parafilm seal, protected

from light.

With the sulfur oxidizing culture, 10 g/L elemental sulfur was used as a substrate. Ele-
mental sulfur was sterilised and dehydrated by keeping the sulfur in the oven at 105 °C
over night or over weekend and stored in a desiccator at room temperature. Both Fe(ll)
stock and elemental sulfur were added into the growth medium after the autoclave of the

shake flasks.

4.3 Process liquors and their constituents

4.3.1 Process liquors of the battery chemical production plant

The two studied process liquors (AS bleed and feed) of the battery chemical production
were provided by multi-metal company Terrafame Oy. Because during the experiments
the battery chemical production plant was at construction stage, AS bleed and feed,
studied during the experiments, were collected from the pilot-scale AS crystallization
process. AS feed is functioning as a feed of the AS crystallization process, whereas, AS
bleed is a mother liquor, a residual solution resulting from the AS crystallization. When
the battery chemical plant will be in operational stage (Figure 10), nickel cobalt sulfide,
from the metal recovery area, will function as feed of the overall process. Before the AS
crystallization process, nickel cobalt sulfide is first treated with pressure dissolution, and
then iron precipitate is removed from the process liquor by settling. After the settling,

impurities, cobalt, and nickel are extracted in separate stages, by using various organic
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solvents, and then crystallized into cobalt sulfate, nickel sulfate, and AS, as shown in
Figure 10. (Terrafame 2018)
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sulfide from the dissolution
metal recovery

Iron precipitate to
the secondary
leaching

Settlin
9 Raffinate to the

secondary leaching

I I Steam
production

area
P
g
' Extraction

of impurities

Extraction

of cobalt__I . .
Extraction Q
of nickel | =

Crystallization
of cobalt sulfate

Crystallization of‘
ammonium sulfate

Figure 10. Schematic diagram of the battery chemical production plant pro-
cess (modified from Terrafame 2018).

During the operational stage, both process liquors can contain approximately 150 g/L of
ammonium (550 g/L of AS), which may enhance the bioleaching process, when the bi-
oleaching acidophilic microorganisms are supplemented with it in low concentrations
(Niemela et al. 1994; Ahoranta et al. 2017). However, the ammonium concentration of
the solutions was slightly lower because AS bleed and feed used during the experiments,
were collected from the pilot-scale AS crystallization process. Average ammonium con-
centration of AS bleed and feed was 117 g/L (428 g/L of AS) and 79 g/L (288 g/L of AS),
respectively.

Because the process liquors are associated with the metal extraction, they contain or-
ganic solvent residues which can possibly be toxic towards bioleaching microorganisms
(Torma & lItzkovitch 1976; Tuttle & Dugan 1976; Chen et al. 2015). It is estimated that
TOC concentrations of AS bleed and feed are 300 mg/L and 180 mg/L, respectively. This

TOC contains mainly residues of carboxylic acids and Nessol D100 type of solvents but
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can also consists of the other organic solvents used in Terrafame’s metal extraction pro-

cess (Cyanex 272 and Baysolvent D2EHPA type of extractants).

4.3.2 Constituents of the process liquors

Various chemicals of AS, neodecanoid acid, Nessol D100, Cyanex 272, and Baysolvex
D2EHPA, which will be present in the process liquors, AS bleed and feed, were studied
in the separate experiments. In the AS experiments, 450 g/L AS stock, made in the la-
boratory, was used instead of 550 g/L AS stock, which ammonium concentration would
have been similar as in AS bleed and feed during the operational stage. 450 g/L AS stock
was used since it was the maximum concentration of AS in Milli-Q water, which was able
to be made in the laboratory conditions. The AS stock was prepared by adding 450 g/L
of solid (NH4)2SO;4 into deionised Milli-Q water, its pH was adjusted to 2.0 with concen-
trated H>SO4 (95-97%), and finally the solution was autoclaved at 121 °C for 20 minutes.

The AS stock was stored at room temperature.

The studied organic solvents, used in the Terrafame’s metal extraction processes, con-
sists of neodecanoid acid, Nessol D100, Cyanex 272, and Baysolvex D2EHPA. The
chemical structures of the solvents are presented in Figure 11 (ExxonMobil 2018; LANX-
ESS 2018; Neste 2019; Solvay 2019).
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3
HiC HsC

Examples of aliphatic hydrocarbons,

present in Nessol D100 Baysolvex D2EHPA

Figure 11. Chemical structures of the studied solvents used in the Ter-
rafame’s metal extraction processes, drawn with ChemSketch (ExxonMobil
2018; LANXESS 2018; Neste 2019; Solvay 2019).
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Neodecanoid acid is a carboxylic acid, which molecular formula is C1oH1902H (ExxonMo-
bil 2018). It is used in various fields of industry, primarily as an intermediate when pro-
ducing other chemical products. In the mineral processing field, neodecanoid acid can
be used as a solvent for extracting non-ferrous metals. (Gotfryd et al. 2015) Neodecanoid
acid used in the experiments was 100% concentrated neodecanoid acid, supplied by
ExxonMobil Chemical Company, US. (ExxonMobil 2018) Nessol D100, manufactured
and supplied by Neste Corporation, Finland, is a trade name for a mixture of aliphatic
hydrocarbons (C13—C1g). Nessol D100 is used in various industry sectors, such as in
surface coatings, fuels, and as a solvent in mineral processing sector. Nessol D100 used

in the experiments was supplied by Neste Corporation, Finland. (Neste 2019)

Cyanex 272 is a dialkyl phosphinic liquid extractant, commonly used for separating cobalt
from nickel. Cyanex 272 used in the experiments was 100% solution, supplied by Solvay
Business Services Latvia SIA, Latvia. (Solvay 2019) Baysolvex D2EHPA (Bis(2-
ethylhexyl) hydrogen phosphate) is an alkyl hydrogen phosphate. Baysolvex D2EHPA is
used as a versatile extractant in various fields of industry, such as in mineral processing.
Baysolvex D2EHPA used in the experiments was 90—-100% (w/w) solution, supplied by
LANXESS Deutschland GmbH, Germany. (LANXESS 2018)

4.4 Experimentation

All experiments were performed in 250 mL shake flasks (100 mL working volume). Dur-
ing the experiments, the shake flasks were incubated in orbital shaking incubators, which
operated at 150 rpm and 27 °C (+ 2 °C). The shake flasks containing more concentrated
process liquors or their constituents, KS 4000 i Control incubator (IKA, Germany) with a
plastic hood and local exhaust ventilation over was used, whereas the shake flasks with
more diluted process liquors and their constituents were incubated in larger Innova 44

incubator (New Brunswick Scientific, US) without a plastic hood (Figure 12).
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a) b)

Figure 12. Two incubators used during the experiments: (a) KS 4000 i Control
incubator (IKA, Germany) with a plastic hood and local exhaust ventilation, and
(b) larger Innova 44 incubator (New Brunswick Scientific, US) without a plastic
hood.

All experiments, except the neodecanoid acid 50% kinetics experiment, were performed
in duplicates. The kinetic experiment was implemented with four shake flasks. The
growth medium was sterilized each time by autoclaving MSM, TES, and Milli-Q contain-
ing shake flasks at 121 °C for 20 minutes. During every experiment, the initial pH of the
culture was adjusted to 2.0, after autoclaving and Fe(ll) stock addition. The pH adjust-
ment generally performed after the addition of the studied solution, however, with the
concentrated organic solvent solutions, pH adjustment occurred before the solution and
inoculum addition. With the sulfur oxidizing culture, elemental sulfur was added after pH
adjustment and AS bleed addition, and before inoculum. More information about the per-
formed experiments is presented in Table 13. More detailed information about the ex-

periments is presented in Chapters 4.1.1—4.1.8.
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Table 13. Detailed information about the experimental parameters and conditions used during the different experiments.
Experiment Studied solu- Inoculum MSM (%, viv) TES Fe(ll) s Initial Control(s)
tion(s) and (%, stock (g/L) pH
concentrations viv) (%, viv)
AS bleed experiments
AS bleed 1%t inhibition AS bleed 10% (v/v) of 4- 10 25 20 Positive control (without AS bleed, inoc-
experiment (0.1, 1, 2, 10, days old iron oxi- ulated with the iron oxidizing enrich-
and 50% (v/v)) dizing enrichment ment culture)
culture
AS bleed 2" inhibition AS bleed 10% (v/v) of 4- 10 25 20 Positive control (without AS bleed, inoc-
experiment (4, 6, 8, 20, and days old iron oxi- ulated with the iron oxidizing enrich-
30%(v/v)) dizing enrichment ment culture)
culture
AS bleed inhibition ex- AS bleed 10% (v/v) of 7- 10 10 20 Positive control (without AS bleed, inoc-
periment with sulfur (0.1,1,2,4,and days old sulfur ulated with the sulfur oxidizing enrich-
oxidizing culture 8% (v/v)) oxidizing enrich- ment culture)
ment culture
AS feed experiment
AS feed inhibition ex- AS feed 10% (v/v) of 4- 10 25 20 Positive control (without AS feed, inoc-
periment (0.1, 1, 2, 10, days old iron oxi- ulated with the iron oxidizing enrich-
and 50% (v/v)) dizing enrichment ment culture)
culture
AS experiments
AS 1stinhibition exper- AS solution 10% (v/v) of 4- 10 25 20 Positive control (without additional AS
iment (4.3,9.3, 15,59, days old iron oxi- stock, inoculated with the iron oxidizing
and 250 g/L) dizing enrichment enrichment culture)
culture
AS 27 inhibition ex- AS solution 10% (v/v) of 4- 10 25 20 Positive control (without additional AS
periment (9.3, 20, 31, 42, days old iron oxi- stock, inoculated with the iron oxidizing
and 53 g/L) dizing enrichment enrichment culture)

culture

Neodecanoid acid experiments
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Neodecanoid acid 15t Neodecanoid 10% (v/v) of 4- 10 25 20 Positive control (without neodecanoid
inhibition experiment acid days old iron oxi- acid, inoculated with the iron oxidizing
(5, 10, 50, and dizing enrichment enrichment culture)
100% of its wa- culture
ter solubility)
Neodecanoid acid 2™ Neodecanoid 10% (v/v) of 4- 10 25 20 Positive control (without neodecanoid
inhibition experiment acid days old iron oxi- acid, inoculated with the iron oxidizing
(1, 2.5, 3.8, and dizing enrichment enrichment culture)
5% of its water culture
solubility)
Neodecanoid acid ki- Neodecanoid 10% (v/v) of 4- 10 25 20 - Positive control (without neodecanoid
netics experiment acid days old iron oxi- acid, inoculated with the iron oxidizing
(50% of its water dizing enrichment enrichment culture)
solubility) culture - Negative control (with neodecanoid
acid concentration of 50% of its water
solubility)
Nessol D100 experiments
Nessol D100 15tinhibi- Nessol D100 10% (v/v) of 4- 10 25 20 Positive control (without Nessol D100,
tion experiment (1, 5, 10, and days old iron oxi- inoculated with the iron oxidizing en-
15% of its water dizing enrichment richment culture)
solubility) culture
Nessol D100 2 inhi- Nessol D100 10% (v/v) of 4- 10 25 20 Positive control (without Nessol D100,
bition experiment (30, and 100% days old iron oxi- inoculated with the iron oxidizing en-
of its water solu- dizing enrichment richment culture)
bility) culture
Cyanex 272 experiment
Cyanex 272 inhibition Cyanex 272 10% (v/iv) of 4- 10 25 2.0 Positive control (without Cyanex 272,
experiment (5, 10, 40, and days old iron oxi- inoculated with the iron oxidizing en-
100% of its wa- dizing enrichment richment culture)
ter solubility) culture
Baysolvex D2EHPA experiment
Baysolvex D2EHPA Baysolvex 10% (v/v) of 4- 10 25 20 Positive control (without Baysolvex
inhibition experiment D2EHPA days old iron oxi- D2EHPA, inoculated with the iron oxi-
(5, 10, 50, and dizing enrichment dizing enrichment culture)

100% of its wa-
ter solubility)

culture
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Ammonium deficiency experiment

Ammonium deficiency - AS bleed
experiment with AS (0.09, 0.1, and
bleed and feed 1% (vIv))

- AS feed

(0.1, and 1%

(VIv))

- 1% (v/v) of 7-
days old iron oxi-
dizing AD culture
1 with positive
control

- 1% (viv) of 7-
days old iron oxi-
dizing AD culture
2 with other con-
trols and shake
flasks

- 10% viv
MSM with
(NH4)2S04

used with the
positive con-
trol

- 10% viv
MSM  without
(NH4)2S04
used with
other controls
and experi-
ment flasks

1

25

2.0

- Positive control (without AS bleed or
feed, inoculated with the iron oxidizing
AD culture 1)

- AD control (without (NH4)2SO4, AS
bleed or feed, inoculated with the iron
oxidizing AD culture 2)

- 0.11 g/L ammonium control (without
AS bleed or feed, with 0.11 g/L of am-
monium, inoculated with the iron oxidiz-
ing AD culture 2)
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441 Experiments with AS bleed

The three different experiments, implemented with AS Bleed, were AS Bleed 15t and 2™
inhibition experiments and AS Bleed inhibition experiment with sulfur oxidizing culture.
The aim of the experiments was to study possible inhibition of AS bleed on biological
iron and sulfur oxidation, and to determine the lowest inhibitory concentration of the AS
bleed. The experiments were performed according to Table 13. During the experiments,
five different AS bleed concentrations: 0.1-50% (v/v) in AS bleed 1%, 4-30% (v/v) in AS
bleed 2", and 0.1-8% (v/v) in AS bleed inhibition experiment with sulfur oxidizing culture,
were studied with one positive control. Positive (biological) control did not contain any
AS bleed and was similarly prepared as the stock culture. In AS bleed 2" inhibition ex-
periment and in AS bleed inhibition experiment with sulfur oxidizing culture, AS bleed
concentration range was narrower, since in these experiments the aim was to determine

more exact inhibitory concentration.

In AS bleed 1t and 2™ inhibition experiments, iron oxidation activity of the culture was
monitored by measuring pH, redox, and Fe(ll) concentration. In AS bleed inhibition ex-
periment with sulfur oxidizing culture, sulfur oxidation activity of the sulfur oxidizing cul-

ture was observed by measuring pH, and sulfate concentration.

4.4.2 Experiment with AS Feed

With AS feed one inhibition experiment with the iron oxidizing enrichment culture was
performed. The aim of the experiment was similar as in AS bleed 15t and 2™ inhibition
experiments. The purpose of the experiment was to study the possible inhibitory effect
of AS feed on biological iron oxidation, and to determine the minimum inhibitory concen-
tration. The experiment was carried out according to Table 13. During the experiment,
five different AS feed concentrations 0.1-50% (v/v) were studied with one positive con-
trol. Positive (biological) control did not contain any AS feed and was similarly prepared
as the stock culture. In addition to iron oxidation, ammonium utilization of the iron oxidiz-

ing culture, was also monitored.

4.4.3 Experiments with AS

Since both AS bleed and feed will include high concentration of AS (~550 g/L), in oper-
ational stage of the battery chemical production plant, possible inhibition of AS on bio-
logical iron oxidation was studied in AS 1t and 2" inhibition experiments. During these

experiments, five different concentrations of AS between 4.3-250 g/L and 9.3-53 g/L,
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respectively, were studied with a one positive control. The AS concentrations, in the AS
1t inhibition experiment, correspond to AS concentration of 0.1, 1, 2, 10, and 44% (v/v)
AS bleed/feed, in the operational stage, added to the general 3.75 g/L AS concentration
of the stock culture. The AS concentrations, in the AS 2" inhibition experiment, corre-
spond to AS concentration of 1, 3, 5, 7, and 9% (v/v) AS bleed/feed, in the operational
stage, added to the general 3.75 g/L AS concentration of the stock culture. Positive (bi-
ological) control did not contain any additional AS stock and was similarly prepared as
the stock culture. AS concentration of the positive control was 3.75 g/L. In the AS 1%
inhibition experiment, preliminary minimum inhibitory concentration of AS was deter-
mined, whereas in the AS 2" inhibition experiment, the minimum inhibitory concentration
was specified. In the AS inhibition experiments, 450 g/L AS stock was used as an addi-
tional AS solution. Iron oxidation and ammonium utilization of the culture was monitored,

during the experiments.

4.4.4 Experiments with neodecanoid acid

There were three different experiments implemented with carboxylic acid of neodecanoid
acid: neodecanoid acid 15t and 2" inhibition experiment, and neodecanoid acid kinetics
experiment. In the inhibition experiments, inhibition of neodecanoid acid on iron oxidation
was studied, and the lowest inhibitory concentration of neodecanoid acid was deter-
mined. In neodecanoid acid kinetics experiment, the fate and transformation kinetics of
neodecanoid acid, present in the iron oxidizing culture, was studied. The experiments
were carried out according to Table 13. In neodecanoid acid 1t and 2" inhibition exper-
iments, four different neodecanoid acid concentrations in the range of 5-100% of its wa-
ter solubility (250 mg/L at 25 °C) and 1-5% of its water solubility with a one positive
control, respectively, were studied (Pubchem 2021C). Positive (biological) control did not
contain any neodecanoid acid and was similarly prepared as the stock culture. In ne-
odecanoid acid 1%t inhibition experiment, the lowest preliminary inhibitory concentration
of neodecanoid acid was first determined, whereas in neodecanoid acid 2™ inhibition

experiment, more exact lowest inhibitory concentration was specified.

In neodecanoid acid 2" inhibition experiment, 3.8% of its water solubility (10 mg/L) ne-
odecanoid acid concentration was selected, because this 3.8% concentration corre-
sponds to the minimum neodecanoid acid concentration of the process liquors after the
removal processes of the organic solvents. The separate removal processes of the or-
ganic solvents will be applied during the operational stage of the battery chemical pro-

duction plant.
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In neodecanoid acid kinetics experiment, the experiment was implemented with nine
shake flasks. These shake flasks contained four experiment flasks of 50% of its water
solubility of neodecanoid acid concentration (A, B, C, and D), four chemical controls,
containing same amount of neodecanoid acid, but no inoculum, and a one positive con-
trol. Positive control was used as control for monitoring iron oxidation, whereas the orig-
inal function of the chemical controls was to be used as controls for dissolved organic

carbon (DOC) investigation of neodecanoid acid.

During the neodecanoid acid experiments, 100% neodecanoid acid was pipetted on top
of the medium as last step, with concentration of 5% of its water solubility and higher.
With the lower concentrations, neodecanoid acid stock solution of 10% of its water solu-
bility, made in the laboratory, was used. The 10% stock contained 3 yL of neodecanoid
acid in 100 mL of autoclaved Milli-Q water, which was 10% of its water solubility of ne-
odecanoid acid. Room temperature neodecanoid acid was diluted in Milli-Q water (~27
°C), by shaking the flask roughly for couple of minutes. The 10% neodecanoid acid stock

was made on the same day of starting the experiments.

From the shake flasks of the neodecanoid acid inhibition experiments, from the neodec-
anoid acid kinetics experiment flasks and from the positive control, iron oxidation of the
cultures was monitored, during the experiments. From the neodecanoid acid 2" inhibi-
tion experiment and the neodecanoid acid kinetics experiment shake flasks, the fate and
kinetics of neodecanoid acid in iron oxidizing culture, was investigated by measuring

DOC concentration.

4.4.5 Experiments with Nessol D100

From the organic solvents, possible inhibition of Nessol D100 on biological iron oxidation
was studied in two experiments: Nessol D100 1%t inhibition experiment and Nessol D100
2" inhibition experiment. The experiments were performed as shown in Table 13. In
Nessol 1%t inhibition experiment, four Nessol D100 concentrations between 1.0-15% of
its water solubility (10 mg/L, temperature not mentioned) with a one positive control were
studied (Neste 2019). In Nessol 2" inhibition experiment, two Nessol D100 concentra-
tions of 30% and 100% of its water solubility were studied. During the Nessol D100 1%
inhibition experiment, possible inhibition of aliphatic Nessol D100 was first studied in
lower concentrations, whereas in Nessol D100 2" inhibition experiment, possible inhibi-
tion of Nessol D100 was studied in higher concentrations. Possible influence of Nessol

D100 on iron oxidation, was monitored during the experiments.

Since in the Nessol D100 experiments, volumes of the solution were too low for pipetting

with other concentrations than 100% of its water solubility, Nessol D100 stock, made in
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the laboratory, was used with other concentrations. In laboratory conditions, the highest
concentration of Nessol D100 stock, which was able to be made was 60% of its water
solubility. Therefore, Nessol D100 stock of 60% was used in Nessol D100 2™ inhibition
experiment with the lower concentration, whereas Nessol D100 50% stock was used in
the Nessol D100 1%t inhibition experiment. Nessol D100 stocks were made in the same
day of starting the experiments. With both stock solutions, room temperature Nessol
D100 was added into 200 mL of autoclaved Milli Q-water (~27 °C). Then the solution

was thoroughly mixed for couple of minutes.

4.4.6 Experiment with Cyanex 272

Possible inhibition of Cyanex 272 on biological iron oxidation was studied in Cyanex 272
inhibition experiment. The experiment was performed as shown in Table 13. During the
experiment, four concentrations between 5-100% of its water solubility (16 mg/L at 20
°C) with a one positive control were studied (Solvay 2019). Possible inhibition of Cyanex

272 on iron oxidation, was monitored by measuring pH, redox, and Fe(ll) concentration.

In Cyanex 272 inhibition experiment, 100% Cyanex 272 solution was used with the high-
est 100% concentration, whereas 80% of its water solubility Cyanex 272 stock, made in
the laboratory, was used with the other concentrations. 80% Cyanex 272 stock was used,
because the volumes were too low for pipetting. 80% of its water solubility was the high-
est concentration, which was able to be made in the laboratory, therefore 80% Cyanex
272 stock solution was used with the other concentrations except Cyanex 272 concen-
tration of 100% of its water solubility. 80% Cyanex 272 stock was made at the same day
than the experiment was starting. The stock was similarly prepared as 10% neodecanoid

acid and Nessol D100 stocks.

4.4.7 Experiment with Baysolvex D2EHPA

Possible inhibition of Baysolvex D2EHPA on biological iron oxidation was investigated in
Baysolvex D2EHPA inhibition experiment. The experiment was carried out according to
Table 13. The possible inhibition of Baysolvex D2EHPA was studied with four different
concentrations between 5-100% of its water solubility (182 mg/L, temperature not men-
tioned), and with a one positive control (LANXESS 2018). In the experiment, 90—-100%
(w/w) Baysolvex D2EHPA solution was pipetted directly on top the medium, and the

possible inhibition of the solution on iron oxidation, was monitored.
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4.4.8 Ammonium Deficiency Experiment

Possible iron oxidation enhancing effect of AS bleed and feed was investigated during
the ammonium deficiency experiment. In the experiment three different concentrations:
0.09%, 0.1%, and 1% (v/v), of AS bleed, and two different concentrations: 0.1% and 1%
(v/v), of AS feed were studied with three different controls. 0.09% AS bleed concentration
was studied since the ammonium concentration of it was same as ammonium concen-
tration of 0.11 g/L ammonium control. The other AS bleed and feed concentrations were

decided based on the results of the AS bleed and feed inhibition experiments.

The controls used during the experiments contained one positive control, AD control,
and 0.11 g/L ammonium control. In 0.11 g/L ammonium control, ammonium concentra-
tion was same than in Niemela et al. (1994) study, in which 0.110 g/L (6 mmol/L) ammo-
nium supplementation had been reported to have an enhancing effect on bioleaching of
a black schist ore. 0.11 g/L ammonium control was made with 3.96 mL of 10 g/L AS

stock. The AS stock was prepared similarly to 450 g/L AS stock.

From the controls, the positive control was supplemented with 10% (v/v) of MSM with
(NH4)2S0s4, and 1% (v/v) inoculum, used with the control, was 7-days old iron oxidizing
AD culture 1. 10% (v/v) of MSM without (NH4).SO4 was added into the other controls and
experiment flasks and used 1% (v/v) inoculum was 7-days old iron oxidizing AD culture
2. Iron oxidation and ammonium utilization of the cultures were monitored during the

experiment.

4.5 Sampling

Sampling from shake flasks, containing iron oxidizing culture (iron oxidizing enrichment
culture, iron oxidizing AD culture 1 or 2), occurred generally once every weekday. Only
exception to this sampling rate was made with neodecanoid acid experiments, when
neodecanoid concentration (50% and 100% of its water solubility) leaded to delayed
Fe(ll) oxidation. With neodecanoid acid concentrations of 50% and 100% of its water
solubility, samples were taken generally every other weekday, during the lag phase, and
every weekday, during the exponential growth phase. The sampling frequency and the

analysis done are presented in Table 14.
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Table 14. The sampling schedule and the analysis made from the samples of the performed experiments.
Experiment Sampling frequency pH analysis  Redox analysis Fe(ll) analysis  Ammonium Sulfate DOC analysis
analysis analysis
AS bleed experiments
AS bleed 1%t inhibition Every weekday X X X
experiment (from all sam- (from all sam- (from all sam-
ples) ples) ples)
AS bleed 2M inhibition Every weekday X X X X
experiment (from all sam- (from all sam- (from all sam-  (from the first
ples) ples) ples) and the last
samples)
AS bleed inhibition ex- - 1stweek: every weekday X X
periment with sulfur oxi- - 2nd week: every other week- (from all sam- (from all
dizing culture day ples) samples)
- 3rd and 4th week: on Mondays
and Fridays
AS feed experiment
AS feed inhibition exper- Every weekday X X X X
iment (from all sam- (from all sam- (from all sam-  (from the first
ples) ples) ples) and the last
samples)
AS experiments
AS 1st inhibition experi- Every weekday X X X X
ment (from all sam- (from all sam- (from all sam-  (from the first
ples) ples) ples) and the last
samples)
AS 2 inhibition experi- Every weekday X X X X
ment (from all sam- (from all sam- (from all sam-  (from the first
ples) ples) ples) and the last
samples)
Neodecanoid acid experiments
Neodecanoid acid 1%t in- - Every weekday during the first X X X
hibition experiment week (from all sam- (from all sam- (from all sam-
- Every other weekday, during ples) ples) ples)

the lag phase
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- Every weekday, during the ex-
ponential growth phase

Neodecanoid acid 2™ in- Every weekday X X X X
hibition experiment (from all sam- (from all sam- (from all sam- (from the first
ples) ples) ples) and the last
samples)
Neodecanoid acid kinet- Every other weekday X X X X
ics experiment (from all sam- (from all sam- (from all sam- (from A and B
ples) ples) ples) samples)
Nessol experiments
Nessol D100 1st inhibi- Every weekday X X X
tion experiment (from all sam- (from all sam- (from all sam-
ples) ples) ples)
Nessol D100 2™ inhibi- Every weekday X X X
tion experiment (from all sam- (from all sam- (from all sam-
ples) ples) ples)
Cyanex 272 experiment
Cyanex 272 inhibition Every weekday X X X
experiment (from all sam- (from all sam- (from all sam-
ples) ples) ples)
Baysolvex D2EHPA experiment
Baysolvex D2EHPA inhi- Every weekday X X X
bition experiment (from all sam- (from all sam- (from all sam-
ples) ples) ples)
Ammonium deficiency experiments
Ammonium  deficiency Every weekday X X X X
experiment with AS (from all sam- (from all sam- (from all sam-  (from the first
bleed and feed ples) ples) ples) and the last

samples)
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From the AS bleed, feed, AS inhibition, and ammonium deficiency experimental shake
flasks, 4 mL samples were taken on the first and last sampling days, and 2 mL samples
on the rest of the experimental days. Sampling was discontinued when all Fe(ll) was
completely oxidized into Fe(lll). During the AS bleed experiment with sulfur oxidizing
culture, 4 mL samples were taken at first and last sampling days, and 2 mL samples
were taken on the other days of the experiment. From the neodecanoid acid, Nessol
D100, Cyanex 272 and Baysolvex 272 inhibition experiment shake flasks, 6 mL sample
was taken at first sampling day, 30 mL sample was taken at last sampling day, and 2 mL

samples were taken on the other days of the experiment.

All the samples, except the chemical control samples, of the neodecanoid acid kinetics
experiment, and 30 mL samples, were filtrated after pH and redox measurement with
0.45 um polyester filter, Chromafil® Xtra PET-45/25 (Macherey-Nagel, Germany). With
the iron oxidizing cultures, the Fe(ll) concentration was measured from the fresh filtrated
samples. After Fe(ll) measurement, the iron oxidizing culture samples were stored at -
20°C until ammonium or DOC analysis, depending on the sample. With sulfur oxidizing

culture, after filtration samples were stored at -20°C until sulfate analysis.

4.6 Analytical methods

Iron oxidization activity of the iron oxidizing cultures was observed by measuring pH,
redox, and Fe(ll) concentration from the samples. Sulfur oxidizing activity of the sulfur
oxidizing culture was monitored by measuring pH, and sulfate concentration from the
samples. From the samples of AS bleed, AS feed, AS, and ammonium deficiency exper-
iment, ammonium utilization was monitored by measuring ammonium concentration of
the samples. From the neodecanoid acid 2" inhibition experiment and the neodecanoid
acid kinetics experiment samples, the fate and kinetics of neodecanoid acid in iron oxi-

dizing culture, was observed by measuring DOC concentration.

4.6.1 Measurement of pH and redox

The pH and redox were measured right after sampling from non-filtered samples. The
pH of the samples was measured with either pH 3210 meter (WTW, Germany), equipped
with pH electrode SenTix 81 (WTW, Germany) or pH 330i meter (WTW, Germany),
equipped with pH electrode SlimTrode (Hamilton, US). Redox potential was measured
with pH 315i meter (WTW, Germany), equipped with redox electrode BlueLine 31 Rx (SI
Analytics, Germany)
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4.6.2 Measurement of Fe(ll) concentration

Fe(ll) concentration, during iron oxidation, was measured by using 3500-Fe ortho-phen-
antroline method (APHA 1992). The concentration was measured from filtered (0.45 pym)
samples. Prior to the analysis, the samples were diluted with 4.41 mg/L (0.07 mmol/L)
HNO:s.

Fe(ll) concentration was analyzed with ultraviolet-visible (UV-Vis) spectrophotometry.
UV-Vis spectrophotometry is a quantitative measurement technique, in which light ab-
sorbance of the sample is measured across ultraviolet and visible light regions of the
electromagnetic spectrum, and then converted to concentrations, such as Fe(ll) concen-
trations, by using a standard curve (Germer et al. 2014). From the samples, absorbance
was measured at 510 nm by using a UV-1900i UV-Vis Spectrophotometer (Shimadzu,
Japan) with a quartz cuvette. Absorbance results of the samples were converted to Fe(ll)
concentrations by using Fe(ll) concentration standard curve. Standard curve, containing
Fe(ll) concentrations of 0.25, 0.5, 1.0, 2.5, 5.0, 10, and 20 mg/L, was prepared by using

the Fe(ll) stock solution.

4.6.3 Ammonium analysis

Ammonium utilization of the iron oxidizing cultures from AS bleed, feed and AS solution
was observed by measuring ammonium concentration from the filtrated samples. The
concentrations were measured with cationic IC. IC is an analytical method, which sepa-
rates, identifies, and quantifies ionic and polar constituents of the analytical solution.
Separation of the constituents is based upon their interactions with the stationary phase
(resin of the column) and the liquid phase (eluent/mobile phase). In cationic IC, a cation
column, which attracts specific type of cations, is used as a stationary phase. (Khan &
Ali 2018)

During the cationic IC run, pressurized eluent carries the analyte, such as ammonium,
through the analytical column, in which specific types of cations, depending on the col-
umn, are interacting with the resin causing a slower movement of them. The retention
time of the specific cations varies, according to their affinity towards the specific resin.
The specific cations, which have been interacting with the column, are measured with an
electrical conductivity detector, which produces a peak into a chromatogram. The peak
area size is then used to determine the concentration of the specific cation in the analysis
solution. (Khan & Ali 2018)

The IC used to determine the ammonium concentration of the samples of this study was

Dionex DX-120 IC (Thermo Fischer Scientific, US), which was equipped with Dionex
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lonPac CG12A (4 x 50 mm) guard column, lonPac CS12A (4 x 250 mm) analytical cation
exchange column, and Dionex AS40 autosampler. Before the analysis, the filtrated sam-
ples were diluted with Milli-Q water to attain ammonium concentration below 100 mg/L.
Methanesulfonic acid of 1.92 mg/L (0.02 mmol/L) was used as eluent. Prior to the anal-
ysis, the eluent was degassed with helium. IC peak area results of the samples were
converted to ammonium concentrations by using ammonium concentration standard
curve. Standard curve, containing ammonium concentrations of 0.2, 1.0, 5.0, 10, 20, and

50 mg/L, was made by using 1000 mg/L ammonium stock solution.

4.6.4 Sulfate analysis

Sulfate concentration was measured with anionic IC, which operating principals are sim-
ilar to cationic IC. The main difference is that its column, attracts specific anions, instead
of cations. The IC used during this study, was Dionex IC-1600 (Thermo Fischer Scien-
tific, US), which was equipped with lonPac AG42-SC (4 x 50 mm) guard column, lonPac
AS4A-SC (4 x 250 mm) analytical anion exchange column, and Dionex AS-DV au-
tosampler. Prior to the analysis, filtrated samples were diluted with Milli-Q water for ob-
taining sulfate concentration under 100 mg/L. The eluent used during the analysis, con-
sisted of 509 mg/L (4.8 mmol/L) of Na2COz and 84 mg/L (1.0 mmol/L) of NaHCOs. Before
the analysis the eluent, without Na>CO3s and NaHCO3, was degassed. The results of IC
peak area were converted to sulfate concentrations by using sulfate concentration stand-
ard curve. This curve was nine-point standard curve with 1.0, 2.5, 5.0, 7.5, 10, 25, 50,
75, and 100 mg/L of sulfate concentration prepared from 1000 mg/L sulfate stock solu-

tion.

4.6.5 DOC analysis

The fate and kinetics of neodecanoid acid in iron oxidizing culture, was observed from
the neodecanoid acid 2™ inhibition experiment and neodecanoid acid kinetics experi-
ment samples, by measuring DOC concentration. DOC concentration was measured
from the first and the last neodecanoid acid 2" experiment samples, whereas in neodec-
anoid acid kinetics experiment, DOC concentration was measured from samples, col-
lected from two 50% of its water solubility neodecanoid acid (neodecanoid acid 50% A
and B) shake flasks, during the iron oxidation. DOC concentration was measured by
using total organic carbon analyzer and SFS-EN 1484 TOC and DOC standard protocol.
The methods, used in DOC measurement, were non-purgeable organic carbon (NPOC)
with the neodecanoid acid 2™ inhibition experiment samples and total organic carbon
(TOC) (total carbon (TC) — total inorganic carbon (TIC)) with neodecanoid acid kinetics

experiment samples. Used standard solution was 1000 mgC/L potassium hydrogen
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phthalate in the PNOC method. In TOC method, used standard solutions were 1000
mgC/L potassium hydrogen phthalate in TC analysis, and 1000 mgC/L sodium carbonate
and sodium hydrogen carbonate in the TIC analysis. (SFS-EN 1484)

In PNOC method, DOC is measured once, whereas in TOC (TC-TIC) method, TC and
TIC are measured separately, and TIC result is then subtracted from TC result. In PNOC
and TC analysis, samples are acidified, sparged with carrier air, and then combusted at
high temperature of 680 °C for breaking all organic carbon into carbon dioxide. The car-
bon dioxide of the sample is detected with non-dispersive infrared (NDIR) gas analyzer.
In TIC analysis, samples are acidified, for driving TIC equilibria to carbon dioxide, and
then sparged with carrier air. Formed carbon dioxide is then detected with NDIR. (Shi-

madzu Corporation 2007)

DOC concentrations of neodecanoid acid 2" inhibition experiment samples were meas-
ured at the laboratory of Tampere University, while the concentration, from neodecanoid
acid kinetics experiment samples, were measured at the laboratory of Terrafame Oy. At
the laboratory of Terrafame Oy, samples were filtered with sterile 0.2 um polyethersul-
fone filter (VWR, US), before the analysis. TOC analyzer, used with neodecanoid acid
2" inhibition experiment samples, was TOC-VCPH/CPN (Shimadzu, Japan). TOC ana-
lyzer, used with neodecanoid acid kinetics experiment samples, was high-sensitive TOC-

L (Shimadzu, Japan).
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5. RESULTS

5.1 AS bleed experiments

During this study, three AS bleed inhibition experiments were performed with the iron
oxidizing culture, enriched from the irrigating leach liquor of the heap bioleaching area,

and with the sulfur oxidizing culture, enriched from the iron oxidizing enrichment culture.

5.1.1 AS bleed 1%t inhibition experiment

The effect of AS bleed on biological iron oxidation was studied to determine the lowest
inhibitory concentration. With 0.1-2% AS bleed concentrations, Fe(ll) was oxidized, and
pH and redox potential increased in a similar manner as in positive control (Figure 13).
All Fe(Il) was completely oxidized in the positive control and at 0.1-2% AS bleed con-
centrations in less than 3 days. Iron oxidation increased redox potential from 350—400
mV to 600-650 mV, and pH from 2.0-2.1 to 2.4-2.6. At 10% AS bleed concentration,
iron oxidation was slower during the first three days than at lower concentrations. After
day 3, Fe(ll) oxidation rate increased together with pH and redox potential increases but
was slower than in the positive control. Fe(ll) oxidation from the AS bleed 10% was com-
pleted by day 7. With 50% AS bleed concentration, Fe(ll) concentration, pH, and redox

potential remained stable.
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Figure 13. Effect of AS bleed concentration (0.1-50% (v/v)) on biological iron
oxidation by iron oxidizing enrichment culture. (a) Fe(ll) concentration, (b) redox
potential, and (c) pH. The standard deviations are presented with the error bars

(n=2).

The results show that AS bleed had no effect on iron oxidation at concentrations below
2%. When AS bleed concentration was increased above 2%, iron oxidation was delayed,
and the rate decreased. However, with 10% AS bleed concentration, the iron oxidation

rate increased after the lag phase (Figure 13). The results of the second incubation in
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the presence of 10 % AS bleed (Figure 14) show that the iron oxidizing enrichment cul-
ture adapted 10% AS bleed concentration, while at above 10% AS bleed concentration,
iron oxidation was inhibited. With AS bleed 50% concentration, the inhibition of iron oxi-

dation was irreversible.
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Figure 14. Effect of AS bleed 10% (v/v) concentration on biological iron oxida-
tion during first and second incubation. The second incubation was performed
with the enrichment culture obtained from the first incubation. The standard de-
viations are presented with the error bars (n=2).

5.1.2 AS bleed 2" inhibition experiment

The impact of AS bleed on biological iron oxidation was studied to define the minimum
inhibitory concentration in detail. During the iron oxidation, ammonium utilization by the
iron oxidizing enrichment culture, was also studied. With 4% AS bleed concentration,
iron oxidation was slower during the first day (Figure 15). After day 1, iron oxidation rate
increased together with redox potential and pH increases in a similar manner as in pos-
itive control. All Fe(ll) was oxidized before day 3. At AS bleed concentration of 8%, iron
oxidation was slower during the first two days. After day 2, iron oxidation rate increased
at the same time with redox potential and pH increases similarly to the positive control.
Fe(ll) oxidation was completed by day 4. Biological iron oxidation increased pH from 2.1
to 2.5 and redox potential from 350-400 mV to 560-610 mV. With AS bleed concentra-

tions of 20—40%, Fe(ll) concentration, pH, and redox potential remained stable.
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concentration, (b) redox potential, and (c) pH during biological iron oxidation by

iron oxidizing enrichment culture. The standard deviations are presented with
the error bars (n=2).

With the studied AS bleed concentrations, initial ammonium concentration varied be-

tween 5-50 g/L (Figure 16). The ammonium concentration increased with the AS bleed
concentration. At last sampling day (day 3 with 4% AS bleed, day 4 with 8% AS bleed,
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and day 11 with 20-40% AS bleed), ammonium concentration had decreased by 0.2—
1.5 g/L with 4-30% AS bleed concentrations, and by about 5 g/L with 40% AS bleed

concentration.
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Figure 16. Effect of AS bleed concentration (4-40% (v/v)) on ammonium con-

centration and utilization during iron oxidation by the iron oxidizing enrichment

culture. Last sampling days: day 3 with AS bleed 4%, day 4 with AS bleed 8%,

and day 11 with AS bleed 20-40%. The standard deviations are presented with
the error bars (n=2).

The results show that all studied AS bleed concentrations affected negatively biological
iron oxidation. When AS bleed concentration was between 4—8%, iron oxidation delayed,
but after the lag phase, the iron oxidation rate was similar to the positive control. At over
8% AS bleed concentration, iron oxidation was inhibited. With AS bleed concentration of
20% and above, the inhibition of iron oxidation was irreversible. Ammonium utilization of
the iron oxidizing enrichment culture varied from 0.2 g/L to 5 g/L with all the AS bleed
concentrations. Most of the ammonium was not used by the iron oxidizing enrichment

culture and remained in the culture medium.

5.1.3 AS bleed inhibition experiment with sulfur oxidizing cul-
ture

The effect of AS bleed on biological sulfur oxidation by sulfur oxidizing enrichment culture
was studied to determine the lowest inhibitory concentration. Before the AS bleed inhibi-
tion experiment, the sulfur oxidizing culture was enriched from the iron oxidizing culture,
and sulfur oxidation of the culture was monitored. With the initial culture, sulfate concen-
tration increased from 2.4 g/L to 5.4 g/L (Figure 17). During the first seven days, sulfur
oxidation was slow, but after day 7, it speeded up therefore, the sulfate production rate
increased. During the second enrichment (culture after first transfer to fresh medium),

sulfate concentration increased steadily from 3.2 g/L to 5.3 g/L.
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Figure 17. Sulfate production from elemental sulfur during the enrichment of

the sulfur oxidizing culture. (a) initial culture and (b) culture after the first trans-
fer to fresh medium. The standard deviations are presented with the error bars
(n=2).

With AS Bleed concentration of 4% and below, pH reduced at similar rate as in positive
control, during 25 days of incubation (Figure 18). The pH decreased from 1.9-2.0to 1.2—
1.4. At 8% AS bleed concentration pH decrease was slower than with positive control.
The pH of 8% AS bleed concentration decreased from 2.0 to 1.7. During the first five
days, sulfur oxidation was slow with all the AS bleed concentrations and the positive
control, but after day 4 sulfur oxidation rate increased (Figure 18). With 0.1% AS Bleed
concentration, 4.4 g/L sulfate concentration increase, was slightly lower than the sulfate
concentration increase (5.0 g/L) in the positive control. With AS bleed concentrations of
1-4%, sulfate concentration increased by 7.4-8.2 g/L. At AS bleed concentration of 8%,
sulfate concentration increased by 6.0 g/L.
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Effect of AS bleed on biological sulfur oxidation by sulfur oxidizing
enrichment culture. (a) pH, (b) sulfate concentration and (c) overall sulfate pro-
duction rate and the highest sulfate production yield. The overall sulfate pro-
duction rates were calculated from the slope of the linear regression line of the
overall sulfate production curves. The standard deviations are presented with

the error bars (n=2).
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The results show that AS bleed did not affect the decrease of pH at below 4%, whereas
AS bleed concentration of 8% slowed down the pH decrease. From the sulfate produc-
tion results, overall sulfate production rate and the highest sulfate production yield were
obtained. Overall sulfate production rate was calculated from the slope of the linear re-
gression line of the overall sulfate production curves, when R? values of all concentra-
tions were above 0.89. The results show that AS bleed increased the sulfate production
rate and yield, except with 0.1% AS Bleed concentration. Below 4% AS bleed concen-
tration, sulfate production rate and yield increased together with AS bleed concentration.
When AS bleed concentration was above 4%, sulfate production rate and yield started
to decrease. However, below 8% AS bleed concentration, sulfate production rate and

yield remained higher compared to the positive control.

5.2 AS feed inhibition experiment

During this study, one AS feed experiment was performed with the iron oxidizing enrich-
ment culture. The influence of AS feed on biological iron oxidation was studied to deter-
mine the lowest inhibitory concentration. During the experiment ammonium utilization of
the iron oxidizing enrichment culture, was also studied. With AS feed concentrations of
0.1-2%, Fe(ll) was oxidized, and pH and redox potential increased in a similar way as in
positive control (Figure 19). All Fe(ll) was completely oxidized before day 3. Biological
iron oxidation increased pH from 2.1 to ~2.5 and redox potential from 350—400 mV to
~600 mV. With 10% AS feed concentration, iron oxidation was slower during the first
day, but then iron oxidation rate increased together with redox potential and pH increases
similarly to the positive control. Iron oxidation was completed before day 3. At 50% AS

feed concentration, Fe(ll) concentration, pH, and redox potential remained stable.



79

—o—AS Feed 50%

—=—AS Feed 10%
AS Feed 2%
AS Feed 1%

—=—AS Feed 0.1%

Fe2+ concentration [g/L]

—Paositive Control
(without AS Feed)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time [d]

—e—AS Feed 50%

—=—AS Feed 10%

AS Feed 2%

v
=]
=]

AS Feed 1%

-
[
o

—&—AS Feed 0.1%

Redox potential [mV]

350 ——Positive Control
(without AS Feed)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time [d]

b)

—e—AS Feed 50%
—#—AS Feed 10%

AS Feed 2%

pH
n
w
EX
]

oo, ASFeed1%

===AS Feed 0.1%

——Positive Control
(without AS Feed)

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time [d]

Figure 19. Effect of AS feed concentration (0.1-50% (v/v)) on (a) Fe(ll) con-
centration, (b) redox potential, and (c) pH, during iron oxidation by iron oxidizing
enrichment culture. Standard deviations are presented with the error bars (n=2).

With the studied AS feed concentrations, initial ammonium concentration varied between
1.2-44 g/L (Figure 20). The ammonium concentration increased with the AS feed con-
centration. At last sampling day (day 3 with 4—10% AS feed, and day 14 with 50% AS
feed), ammonium concentration had decreased by 0.02—-0.07 g/L with 0.1-2% AS feed
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concentrations, 1.6 g/L with 10% AS feed concentration, and 5.9 g/L with 50% AS feed

concentration.
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Figure 20. Influence of AS feed concentration (0.1-50% (v/v)) on ammonium
concentration and utilization during iron oxidation by the iron oxidizing enrich-
ment culture. Last sampling days: day 3 with AS feed 4-10%, and day 14 with

AS feed 50%. The standard deviations are presented with the error bars (n=2).

The results show that AS feed had no impact on iron oxidation at concentrations below
2%. When AS feed concentration increased to 10%, iron oxidation delayed. After the lag
phase, the iron oxidation rate was similar to the positive control. At above 10% AS feed
concentration, iron oxidation was inhibited. With AS feed concentration of 50%, the inhi-
bition towards iron oxidation was irreversible. Ammonium utilization of the iron oxidizing
enrichment culture varied from 0.02 g/L to 5.9 g/L with all the AS feed concentrations.
Most of the ammonium was not utilized by the iron oxidizing enrichment culture and re-

mained in the culture medium.

5.3 AS experiments

During this study, two AS inhibition experiment were performed with the iron oxidizing

enrichment culture.

5.3.1 AS 1stinhibition experiment

The influence of AS solution on biological iron oxidation was studied to determine the
lowest inhibitory concentration. In addition to iron oxidation, ammonium utilization of the
iron oxidizing enrichment culture was also studied. With AS concentrations of 4.3-15
g/L, Fe(ll) was oxidized, and redox potential and pH was increased in a similar way as
in positive control (Figure 21). All iron was oxidized within 3 days. Biological iron oxida-
tion increased pH from 2.0-2.1 to 2.4-2.5 and redox potential from 350—400 mV to above

550 mV. With AS concentration of 59 g/L, iron oxidation was slower during the first nine
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days. After experimental day 9, iron oxidation rate with pH and redox potential started to

increase. All iron was completely oxidized before day 14. At the highest studied AS con-

centration of 250 g/L, Fe(ll) concentration, pH, and redox potential remained stable.
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Figure 21. Influence of ammonium sulfate (AS) concentration (4.3-250 g/L)

on biological iron oxidation by iron oxidizing enrichment culture. (a) Fe(ll) con-
centration, (b) redox potential, and (c) pH. The standard deviations are pre-
sented with the error bars (n=2).
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With the studied AS concentrations, initial ammonium concentration varied between 1.5—
62 g/L (Figure 22). The ammonium concentration increased with AS solution concentra-
tion. At last sampling day (day 3 with 4.3—-15 g/L, day 14 with 59 g/L, and day 18 with
250 g/L), ammonium concentration had decreased by 0.09-0.17 g/L with 4.3-59 g/L AS
concentrations, and by 2.1 g/L with 250 g/L AS concentration.

70
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40
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10 I
0 - — . -_

Positive 4.3g/LAS 9.3g/LAS 15g/LAS 59 g/L AS 250 g/L AS
Control

Ammonium concentration [g/L]

Figure 22 Influence of ammonium sulfate (AS) concentration (4.3-250 g/L)
on ammonium concentration and utilization during iron oxidation by the iron oxi-
dizing enrichment culture. Last sampling days: day 3 with 4.3—15 g/L AS, day
14 with 59 g/L. AS, and day 18 with 250 g/L AS. The standard deviations are
presented with the error bars (n=2).

The results show that excessive AS addition did not affect biological iron oxidation, when
AS concentration was below 15 g/L. When AS concentration increased to above 15 g/L,
iron oxidation was first delayed, and the iron oxidation rate decreased. After the lag
phase, iron oxidation rate increased, but was still slightly slower, compared to the positive
control. When AS concentration was increased above 59 g/L, biological iron oxidation
was inhibited. With AS concentration of 250 g/L, the inhibitory effect was irreversible.
Most of the ammonium in the culture medium, was not used by the iron oxidizing enrich-

ment culture but remained in the culture medium.

5.3.2 AS 2" inhibition experiment

The aim of the experiment was to determine the minimum inhibitory concentration of AS
in detail and monitor ammonium utilization by the iron oxidizing enrichment culture. With
AS concentrations of 9.3—20 g/L, iron oxidation with redox potential and pH increased
similarly to positive control (Figure 23). All iron was completely oxidized before day 3.
When AS concentration increased to 31 g/L, iron oxidation was slower during the first
two days. After day 2, Fe(ll) oxidation rate increased together with pH and redox potential
increases in a similar manner as in the positive control. All iron was completely oxidized

before day 3. At AS concentration of 42 g/L, Fe(ll) oxidation was slower during the first
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four days. After day 4, Fe(ll) oxidation rate increased together with pH and redox poten-
tial increases, and all iron was oxidized before day 7. Since sampling occurred only on
weekdays, more precise oxidation rate of 42 g/L AS concentration, between days 4-7,
is unknown. When AS concentration increased to 53 g/L, iron oxidation was slower dur-
ing the first four days. From day 4 forward, the iron oxidation rate increased together with
pH and redox potential increases but was slower compared to the positive control. Iron
oxidation was completed by day 10. Biological iron oxidation increased redox potential
to 550-650 mV and pH from 2.0-2.1 to 2.5.
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Figure 23. Impact of ammonium sulfate (AS) concentration (9.3-53 g/L) on (a)

Fe(ll) concentration, (b) redox potential, and (c) pH, during biological iron oxida-
tion by iron oxidizing enrichment culture. The standard deviations are presented
with the error bars (n=2).

Initial ammonium concentration increased with AS concentration and varied between

2.3-13 g/L (Figure 24). At last sampling day (day 2 with 20 g/L, day 3 with 9.3 g/L and
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31 g/L, day 7 with 42 g/L, and day 10 with 53 g/L), ammonium concentration had de-
creased by 0.02—-0.04 g/L with 9.3-20 g/L AS concentrations, and by 0.35-0.64 g/L with
AS concentrations of 31-53 g/L.
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Figure 24. Effect of ammonium sulfate (AS) concentration (9.3-53 g/L) on am-

monium concentration and utilization during iron oxidation by the iron oxidizing
enrichment culture. Last sampling days: day 2 with 20 g/L AS, day 3 with 9.3
g/L and 31 g/L AS, day 7 with 42 g/L. AS, and day 10 with 63 g/L AS. The stand-
ard deviations are presented with the error bars (n=2).

The results show that excessive AS addition did not have an impact towards iron oxida-
tion, when AS concentration was below 20 g/L. When AS concentration increased over
20 g/L, iron oxidation was first delayed, and the rate decreased. After the lag phase, iron
oxidation rate became more similar to the positive control. When AS concentration in-
creased above 31 g/L, iron oxidation lag phase became longer, and iron oxidation rate
after the lag phase was slower compared to the positive control. Ammonium utilization
by the iron oxidizing enrichment culture was quite low with all the studied AS concentra-
tions. Most of the ammonium was not utilized by the microorganisms but remained in the

culture medium.

5.4 Neodecanoid acid experiments

During this study, three neodecanoid acid experiments were executed with the iron oxi-

dizing enrichment culture.

5.4.1 Neodecanoid acid 1%t inhibition experiment

The influence of neodecanoid acid on biological iron oxidation was studied to determine
the lowest inhibitory concentration. With all studied neodecanoid acid concentrations of
5-100% of its water solubility, iron oxidation was slower compared to positive control

(Figure 25). With 5% concentration of its water solubility, iron oxidation was slower during
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the first three days. After day 3, Fe(ll) oxidation rate increased together with pH and
redox potential increases in similar manner as in the positive control. All Fe(ll) was com-
pletely oxidized before day 7. With neodecanoid acid concentration of 10% of its water
solubility, there were difference observed in iron oxidation in A and B experiment flasks,
therefore separate lines present them in Figure 25. With 10% A, iron oxidation was
slower during the first ten days. After day 10, iron oxidation increased with pH and redox
potential increases similarly to the positive control. All iron was oxidized before day 14.
With 10% B, iron oxidation was slower during the first four days. After day 4, iron oxida-
tion increased with pH and redox potential elevations similarly to the positive control. All

iron was oxidized before day 8.
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Figure 25. Effect of neodecanoid acid concentration (5-100% of its water sol-

ubility) on biological iron oxidation by the iron oxidizing enrichment culture. (a)
Fe(ll) concentration, (b) redox potential, and (c) pH. The standard deviations
are presented with the error bars (n=2).
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At neodecanoid acid concentration of 50% of its water solubility, iron oxidation was
slower during the first 18 days. After day 18, iron oxidation rate increased with pH and
redox potential increases but was slower compared to the positive control. All iron was
completely oxidized before day 25. With neodecanoid acid concentration of 100% of its
water solubility, difference in iron oxidation between experiment flasks A and B was also
observed, therefore separate lines present them in Figure 25. With 100% A, iron oxida-
tion was slower during the first 23 days. From day 23 forward, Fe(ll) was oxidized and
pH and redox potential increased, but the change was slower compared to the positive
control. All Fe(ll) was oxidized before day 29. With 100% B, iron oxidation was slower
during the first 21 days. After day 21, iron oxidation rate increased with pH and redox
potential elevations but was slower compared to the positive control. Biological iron oxi-
dation increased pH from 2.1-2.2 to 2.4-2.5 and redox potential from ~400 mV to above
500 mV.

The results of the experiment show that all neodecanoid acid concentrations had a neg-
ative effect on biological iron oxidation. All studied neodecanoid acid concentrations de-
layed iron oxidation during the first 3—23 days, but after the lag phase, iron oxidation rate
increased, but stayed slower compared to the positive control. However, this inhibitory
effect was reversible. In neodecanoid acid inhibition experiment with concentration of
100% of its water solubility, all Fe(ll) was completely oxidized before day 4 (with 100%
B) and day 7 (with 100% A) (Figure 26).

—e&— Neodecanoid acid A 100%
(incubation without
neodecanoid acid)

- @ —Neodecanoid acid B 100%
(incubation without
neodecanoid acid)

Positive Control
(without neodecanoid acid)

Fe2+ concentration [g/L]

Time [d]

Figure 26. Effect of neodecanoid acid concentration of 100% of its water solu-
bility on biological iron oxidation during incubation without neodecanoid acid.
The incubation was performed with the enrichment culture obtained from the
first incubation in neodecanoid acid 1% inhibition experiment. Samples were
taken daily from the positive control. Standard deviations are presented with the
error bars (n=2).
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5.4.2 Neodecanoid acid 2" inhibition experiment

The aim of the neodecanoid acid 2" inhibition experiment was to study the effect of
neodecanoid acid on biological iron oxidation and to determine the lower inhibitory con-
centration in detail. During the experiment, DOC concentration was also monitored. With
neodecanoid acid concentration of 1% of its water solubility, Fe(ll) was oxidized, and pH
and redox potential increased in a similar manner as in positive control (Figure 27). All
Fe(ll) was oxidized less than 2 days. With neodecanoid acid concentration of 2.5% of its
water solubility, Fe(ll) was oxidized, and pH and redox potential increased slightly slower
compared to the positive control. All Fe(ll) was oxidized before day 3. With neodecanoid
acid concentrations of 3.8% and 5%, iron oxidation was slower during the first day. After
day 1, iron oxidation rate increased with pH and redox potential increases but was slightly
slower compared to the positive control. All iron was oxidized before day 3, with 3.8%,
and day 4, with 5%. Biological iron oxidation increased pH from 2.1 to 2.3-2.4 and redox

potential from ~400 mV to above 550 mV.
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Figure 27. Influence of neodecanoid acid concentration (1-5% of its water sol-

ubility) on (a) Fe(ll) concentration, (b) redox potential, and (c) pH, during biolog-
ical iron oxidation by the iron oxidizing enrichment culture. The standard devia-
tions are presented with the error bars (n=2).

With the studied neodecanoid acid concentrations, DOC concentration in the beginning

varied between 9-14 mg/L and was similar to DOC concentration (12 mg/L) of the posi-

tive control (Figure 28). The DOC concentration did not increase with the neodecanoid

acid concentration indicating that it was masked by the background DOC concentration
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or neodecanoid acid was not present or was only partially present in the aqueous phase
of the samples. The DOC concentration in the end of the experiment was lower com-
pared to the beginning, with neodecanoid acid concentrations of 2.5-5% of its water
solubility, whereas DOC concentrations of the positive control and neodecanoid acid
concentration of 1% of its water solubility were higher in the end than in the beginning of

the experiment.
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Figure 28. Influence of neodecanoid acid concentration (1-5% of its water sol-
ubility) on DOC concentration, during biological iron oxidation by the iron oxidiz-
ing enrichment culture. The standard deviations are presented with the error
bars (n=2).

The iron oxidation results show that neodecanoid acid concentration of 1% of its water
solubility did not affect to the biological iron oxidation, whereas with 2.5% concentration
the negative effect was very modest. With 3.8% and 5% concentrations, iron oxidation
was delayed during the first day, but after day 1, faster iron oxidation began to occur.
Iron oxidation rate stayed still slightly lower level compared to the positive control. Since
the DOC concentration results seemed to be random, no conclusions can be drawn from

these results.

5.4.3 Neodecanoid acid kinetics experiment

The aim of the experiment was to determine the fate and the transformation kinetics of
neodecanoid acid concentration of 50% of its water solubility in iron oxidizing culture, by
monitoring biological iron oxidation and the change of DOC concentration. With the stud-
ied concentration, iron oxidation was slower during the first 16 days (Figure 29)). After
day 16, iron oxidation increased with pH and redox potential elevations, but was slower
compared to the positive control. All iron was completely oxidized before day 28. Biolog-

ical iron oxidation increased pH from 2.1 to 2.4 and redox potential above 550 mV.
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Figure 29. Effect of neodecanoid acid concentration of 50% of its water solu-

bility on biological iron oxidation by the iron oxidizing enrichment culture. (a)
Fe(ll) concentration, (b) redox potential, and (c) pH. The error bars present the
standard deviation (n=4 on day 0, 1, 25, and 28, n=2 on other days).

DOC concentrations were measured from samples collected from one (neodecanoid
acid 50% A) shake flask or two of the shake flasks (neodecanoid acid 50% A and B).
Chemical controls were not used as controls for DOC analysis, according to the original

experimental plan, since neodecanoid acid did not dissolve into the aqueous phase of
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the chemical controls in any point of the experiment, and during the sampling the chem-
ical controls were contaminated. As seen in Figure 30, DOC concentration increased
during the first three days (day 0—2) from 26 mg/L to 35.09 mg/L. During experimental
days 7-11, DOC concentration remained stable, and then increased to 70 mg/L on day
14. After day 14, DOC concentration decreased back to 30—35 mg/L for the next ten days
(days 16—25), indicating that DOC concentration result on day 14 was not representative.

In last sampling day (day 28), DOC concentration increased to 47 mg/L.
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Figure 30. Influence of neodecanoid acid concentration of 50% of its water

solubility on DOC concentration, during iron oxidation by the iron oxidizing en-
richment culture. The standard deviations are presented with the error bars
(n=2).

The iron oxidation results show that 50% neodecanoid acid concentration delayed iron
oxidation during the first 18 days. After the lag phase, iron oxidation rate increased, but
stayed still slightly lower level compared to the positive control. The DOC results show
that DOC concentration remained quite stable during the iron oxidation. Therefore, no
conclusions about the neodecanoid acid degradation in the iron oxidizing culture can be

drawn from these results.

5.5 Nessol D100 experiments

Two Nessol D100 inhibition experiments were performed with the iron oxidizing enrich-

ment culture.

5.5.1 Nessol D100 1%t inhibition experiment

The influence of Nessol D100 on biological iron oxidation was studied for determining
the lowest inhibitory concentration. With all the studied Nessol D100 concentrations of
1-15% of its water solubility, Fe(ll) was oxidized and pH and redox increased in a similar

way as in positive control (Figure 31). All Fe(ll) was completely oxidized at all studied
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Nessol D100 concentrations and in the positive control before day 3. The biological iron

oxidation elevated redox potential from about 400 mV to about 650 mV, and pH from 2.1
to 2.4.

-~

—e—Nessol D100 15%

o6 (1.50 mgiL)
‘é ;
5 —=—Nessol D100 10%
2 {1.00 mgiL)
S 4 I
g Nessol D100 5%
o3 (0.50 mgiL)
Q
£ 2 Nessol D100 1%
o 1 (0.1 mg/L)
0 ‘ —Positive Control
0 1 2 3 4 (without Nessol D100)
Time [d]
a)
650
—e—Nessol D100 15%
- 600 (1,50 mg/L)
£ 550 —a—Nessol D100 10%
= (1.00 ma/L)
€ 500
& Nessol D100 5%
8 450 (0.50 mg/L)
»
S 400 = Nessol D100 1%
o (0.10 mg/L)
350 .
——Positive Control
300 (without Nessol D100)
0 1 2 3 4
Time [d]
b)
4
—e—Nessol D100 15%
3.5 (1.50 mg/L)
—=—Nessol D100 10%
3 {1.00 mgiL)
Las . Nessol D100 5%
= —— (0.50 mgL)
2 >
Nessol D100 1%
15 (0.10 mg/L)
——Positive Control
1 (without Nessol D100)
0 1 2 3
Time [d]
c)
Figure 31. Influence of Nessol D100 concentration (1—15% of its water solubil-

ity) on (a) Fe(ll) concentration, (b) redox potential, and (c) pH, during the biolog-
ical iron oxidation by the iron oxidizing enrichment culture. The standard devia-
tions are presented with the error bars (n=2).

The results show that Nessol D100 had no effect on iron oxidation at lower concentra-
tions of 1-15% of its water solubility. During the experiment, a very slight liquid phase,

which included small precipitate particles (probably Fe(lll) precipitates) was recognized
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from the surface of the culture medium (Figure 32). This indicates that Nessol D100 did

not dissolve in water phase and, thus, did not inhibit biological iron oxidation.

=

Figure 32. The separate liquid phase on top of the Nessol D100 B 15% of its
water solubility medium in experimental day of 2. The separate liquid phase is
shown with red arrows.

5.5.2 Nessol D100 2" inhibition experiment

In the Nessol D100 2™ inhibition experiment, the influence of Nessol D100 on biological
iron oxidation was studied with higher concentrations than in the first experiment. With
all the studied Nessol D100 concentrations (30% and 100% of its water solubility) Fe(ll)
was oxidized, and pH increased similarly compared to positive control (Figure 33). All
iron was oxidized in less than 2 days. Biological iron oxidation increased pH from 2.1 to
2.4. During the first day, redox potential of the studied concentrations increased in similar
way as in the positive control, but day 1 forward, redox potential of the studied concen-
trations increased from about 400 mV to about 500 mV, which was lower compared to

630 mV redox potential of the positive control.
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Figure 33. Effect of Nessol D100 concentrations of 30% and 100% of its water
solubility on during the biological iron oxidation by the iron oxidizing enrichment
culture. (a) Fe(ll) concentration, (b) redox potential, and (c) pH. The standard
deviations are presented with the error bars (n=2).

The results show that Nessol D100 had no effect on iron oxidation either at higher con-
centrations of 30% and 100% of its water solubility. During this study, a very slight liquid
phase, similar to the liquid phase recognized in the Nessol D100 1%tinhibition experiment,
was also noticed (see Figure 32). This indicates that Nessol D100 did not dissolve in

water phase and, thus, did not inhibit biological iron oxidation.
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5.6 Cyanex 272 inhibition experiment

During this study, one Cyanex 272 inhibition experiment was executed with the iron oxi-
dizing enrichment culture. The effect of Cyanex 272 on biological iron oxidation was
studied for defining the lowest inhibitory concentration. Iron oxidation elevation together
with pH and redox potential increases, was similar to positive control with all the studied
Cyanex 272 concentrations (5—100% of its water solubility) (Figure 34). All iron was com-
pletely oxidized before day 3. During biological iron oxidation, pH was increased from
2.0-2.1 to 2.4, and redox potential from about 400 mV to above 600 mV.
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Figure 34. (a) Fe(ll) concentration, (b) redox potential, and (pH), during bio-

logical iron oxidation by the iron oxidizing enrichment culture, when different Cy-
anex 272 concentration (5—-100% of its water solubility) were present. The
standard deviations are presented with the error bars (n=2).

The results show that Cyanex 272 did not affect biological iron oxidation below concen-
tration of 100% of its water solubility. In the beginning of the experiment, small white
precipitate particles were formed on top of the culture medium, when Cyanex 272 was
added into it (Figure 35). This white precipitate remained on top of the medium during
the whole experiment. This indicates that Cyanex 272 did not dissolve in water phase

and, thus, did not inhibit biological iron oxidation. In precipitation experiments, it was
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recognized that Cyanex 272 was reacting with some component of TES and formed this

white precipitate.

Figure 35. White precipitate on top of the Cyanex 272 A 40% of its water solu-
bility medium in experimental day 0. The white precipitate is shown with red ar-
rows.

5.7 Baysolvex D2EHPA inhibition experiment

During this study, one inhibition experiment was performed with Baysolvex D2EHPA so-
lution. The influence of Baysolvex D2EHPA on biological iron oxidation by the iron oxi-
dizing enrichment culture was studied to determine the minimum inhibitory concentration
of the D2EHPA solution. With all the studied concentrations (5—100% of its water solu-
bility), iron oxidation rate and pH and redox potential increase was similar to positive
control (Figure 36). Fe(ll) oxidation was completed by day 3. Redox potential increased
from about 400 mV to 550—-650 mV, and pH increased from 2.0 to 2.4, during the biolog-

ical iron oxidation.
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Figure 36. Influence of various Baysolvex D2EHPA concentration (5—100% of
its water solubility) on (a) Fe(ll) concentration, (b) redox potential, and (c) pH,
during the iron oxidation by the iron oxidizing enrichment culture. The standard
deviations are presented with the error bars (n=2).

The results of the experiment show that Baysolvex D2EHPA did not affect biological iron
oxidation with concentrations below 100% of its water solubility. Such as with Cyanex
272, also Baysolvex D2EHPA formed white precipitate on top of the culture medium im-
mediately after the D2EHPA addition (Figure 37). The precipitate particles stayed on top
of the medium during the entire experiment. In the precipitation experiment, it was rec-
ognized that Baysolvex D2EHPA was reacting with inoculum and forming the similar
looking white precipitate. Since inoculum was the only constituent which included Fe(lll),
it was probable that D2EHPA was reacting with Fe(lll).
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Figure 37. White precipitate on top of the Baysolvex D2EHPA A 10% of its
water solubility medium in experimental day of 0.

5.8 Ammonium deficiency experiment with AS bleed and feed

During this study, one ammonium deficiency experiment was performed with AS bleed
and feed. The aim of the experiment was to determine if ammonium containing AS bleed
and feed can have a positive effect on iron oxidation by iron oxidizing culture that has
been grown in ammonium limited conditions. During the iron oxidation, ammonium utili-
zation of the iron oxidizing AD cultures, was also studied. Before the ammonium defi-
ciency experiment, iron oxidation and ammonium concentration were monitored from the
iron oxidizing AD cultures. During the pre-cultivation and the 1%t cultivation, iron oxidation
of the iron oxidizing AD culture 2 was similar to the iron oxidizing AD culture 2, which
was supplemented with ammonium (Figure 38). After 15t incubation, iron oxidation of the
iron oxidizing AD culture 2 was slowed, compared to the iron oxidizing AD culture 1, due
to influence of ammonium deficiency. After the 15t incubation, no ammonium was de-

tected from the iron oxidizing AD culture 2.
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Figure 38. Influence of ammonium deficiency on iron oxidation by the iron oxi-
dizing ammonium deficit (AD) culture 2, during (a) pre-cultivation, (b) 15 incuba-
tion, (c) 2™ incubation, (d) 3" incubation, (e) 4" incubation, and (f) 5" incuba-
tion. The standard deviations are presented with the error bars (n=2).

In ammonium deficiency experiment, with all studied AS bleed and feed concentrations,
Fe(ll) was oxidized, and pH and redox potential increased similarly to positive control
and 0.11 g/L ammonium control (Figure 39). All iron was completely oxidized in less than
4 days. With AD control, iron oxidation rate together with redox potential and pH in-
creases, was similar as in the positive control and 0.11 g/L ammonium control, during
the first day. After day 1, iron oxidation rate with redox potential and pH increases was
slightly slower with AD control compared to the positive control and 0.11 g/L ammonium
control. All iron was oxidized completely before day 4. Biological iron oxidation increased
redox potential from about 370 mV to 500-650 mV, and pH from 2.0 to 2.5.
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Figure 39. Effect of AS bleed on (a) Fe(ll) concentration, (b) redox potential,
and (c) pH, and AS feed on (d) Fe(ll) concentration, (e) redox potential, and (f)
pH, during iron oxidation of the iron oxidizing ammonium deficit (AD) culture. In-

oculum used in positive control, was iron oxidizing culture supplemented with
ammonium (iron oxidizing AD culture 1). Inoculum used with other controls and
experiment flasks was iron oxidizing culture without ammonium supplementa-

tion (iron oxidizing AD culture 2). The standard deviations are presented with

the error bars (n=2).

With the studied AS bleed and feed concentrations, initial ammonium concentration var-
ied between 0.11-1.3 g/L with AS bleed and between 0.09-0.84 g/L with AS feed (Figure
40). The ammonium concentration corresponded with AS bleed and feed concentration
increases. At last sampling day (day 3 with positive control, 0.11 g/L ammonium control
and AS bleed 0.9%, and day 4 with AD control, AS bleed 0.1% and 1%, and AS feed
0.1% and 1%), ammonium concentration had decreased by 0.004-0.09 g/L with AS
bleed concentrations, and by 0.002—-0.04 g/L with AS feed concentrations.
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Figure 40. Influence of (a) AS bleed concentration (0.09—1% (v/v)) and (b) AS
feed concentration (0.1-1% (v/v)) on ammonium concentration during iron oxi-
dation by iron oxidizing ammonium deficit (AD) culture. Inoculum used in posi-
tive control, was iron oxidizing culture supplemented with ammonium (iron oxi-
dizing AD culture 1). Inoculum used with other controls and experiment flasks
was iron oxidizing culture without ammonium supplementation (iron oxidizing

AD culture 2). The last sampling days: day 3 with positive control, 0.11 g/L am-
monium control and AS bleed 0.9%, and day 4 with AD control, AS bleed 0.1%
and 1%, and AS feed 0.1% and 1%). The standard deviations are presented
with the error bars (n=2).

The results show that AS bleed and feed concentration below 1% enhanced biological
iron oxidation. Ammonium utilization by the iron oxidizing culture was moderate with all
the studied AS bleed and feed concentrations. Most of the ammonium was not utilized
but remained in the culture medium.
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6. DISCUSSION

The results of this study showed that AS bleed and feed process liquors and some of
their constituents (AS and neodecanoid acid) negatively affected biological iron oxida-
tion. It was also demonstrated that with low concentrations (<1% (v/v)) these ammonium-
rich AS bleed and feed stimulated biological iron oxidation. These results and possible
mechanisms behind them are discussed in more detail in the following three chapters
with the results of earlier studies. Moreover, the environmental effects of nitrogen and
organic solvents, present in AS bleed and feed, are discussed in the las chapter of the

discussion (Chapter 6.4).

6.1 Influence of AS bleed and feed on iron and sulfur oxidation

The results of this study showed minor differences between the effect of AS bleed and
feed on the biological iron oxidation rates (Figure 41), as calculated from the slope of the
linear regression line of the exponential part of the Fe(ll) oxidation curves (R? values
were above 0.92, except with AS feed 50% (R?=0.47)). Therefore, the effects of AS bleed

and feed of iron oxidizing microorganisms can be considered to be similar.
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Figure 41. Influence of AS bleed and feed concentration (0.1-50% (v/v)) on
biological iron oxidation rate. The iron oxidation rates were calculated from the
slope of the linear regression line of the exponential part of the Fe(ll) oxidation
curves (see figures 13 and 19). The standard deviations are presented with the

error bars (n=2).

The influence of recycled process liquors of solvent extraction on growth or bioleaching

activity of acidophilic bioleaching microorganisms has not been previously reported.
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Therefore, direct comparisons to the literature could not be made. However, AS and TOC
concentrations of AS bleed and feed were different and may have resulted in the slight
differences between these two process liquors towards the iron oxidation. AS bleed con-
tained approximately twice as much AS than the AS feed (see Chapter 4.3.1). According
to Terrafame Oy, AS bleed contains almost twice as much TOC than the AS feed (see
Chapter 4.3.1).

The AS inhibition results showed that AS delayed the onset of biological iron oxidation
at concentration above 20 g/L. The results indicate that AS concentration of AS bleed
and feed process liquors is one of the factors negatively affecting iron oxidation and
causing the observed differences in iron oxidation rates between these two process lig-
uors. Previous studies have focused on the possible enhancing effect of ammonium con-
taining AS on iron oxidation and bioleaching (Krafft & Hallber 1993; Niemela et al. 1994;
d’'Hugues et al. 1997; Ahoranta et al. 2017), whereas no studies have reported about the

possible inhibition by AS at higher concentrations.

Organic compounds are inhibitory to autotrophic iron oxidizing microorganisms, and
therefore TOC of AS bleed and feed, consisting of multiple organic solvents, is another
factor, that negatively affects biological iron oxidation and can result in observed differ-
ences in iron oxidation rates between the process liquors (Johnson & Roberto 1997,
Schippers 2007; Li et al. 2011). In the following chapter, the influence of organic solvents

on bioleaching, iron and sulfur oxidation is discussed in more detail.

The AS bleed did not inhibit biological sulfur oxidation but enhanced the sulfate produc-
tion with AS bleed concentration of 8% and below (Figure 18). At AS bleed concentration
above 4%, the enhancing effect on iron oxidation decreased. This may indicate that in-
creasing the AS bleed concentration further, could negatively affect the sulfur oxidation.
As the negative effect of AS bleed on iron oxidation was apparent with concentrations
above 2%, it can be concluded that sulfur oxidation was less sensitive to AS bleed. The
factors resulting this difference were not investigated in this study and thus remain to be
investigated. Therefore, further studies to determine the lowest inhibitory concentration
of AS bleed on sulfur oxidation and to investigate the possible reasons for the difference

between iron oxidation and sulfur oxidation are recommended.

One possible mechanism for the difference between iron and sulfur oxidation is that
some of the constituents of AS bleed would modify the surface of elemental sulfur and
make it more bioavailable, similarly as surfactants and ETU (Duncan et al. 1964; Ghadiri
et al. 2019; Ren et al. 2020). Other possible explanation can be that sulfur oxidizing

enrichment culture was more resistant towards the possible toxic compounds, such as
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organic compounds, of AS bleed. Fang & Zhou (2006) reported that sulfur oxidizing A.
thiooxidans was more resistant towards inhibition by organic compounds than A. ferroox-
idans. Therefore, it is possible that the enriched sulfur oxidizing culture of this study con-
tained more microbial species, that were more resistant towards organic compounds of
AS bleed. However, this should be further investigated using microbial community anal-

ysis.

6.2 Inhibitory effects of organic compounds on bioleaching
process

From the studied organic solvents, only neodecanoid acid was bioavailable to the micro-
organisms and therefore, affected biological iron oxidation. Neodecanoid acid delayed
the onset of iron oxidation at concentrations higher than 2.5% of its water solubility (6.3
mg/L). During the experiments with Nessol D100, Nessol D100 remained as separate
phase on top of the culture medium, while Baysolvex D2EHPA and Cyanex 272, reacted
with some of the constituent(-s) of inoculum and TES, respectively, and formed nonbio-

available precipitates.

Torma & Itzkovitch (1976) and Chen et al. (2015) reported, influence of various organic
solvents, including Baysolvex D2EHPA and Cyanex 272, on bioleaching and iron oxida-
tion. Torma & Itzkovitch (1976) showed that Baysolvex D2EHPA was inhibitory to bi-
oleaching at saturation concentration (0.264 TOC g/L). The results of this study, how-
ever, were different from those reported by Torma & Itzkovitch (1976) as no inhibition
was observed with Baysolvex D2EHPA. In this study D2EHPA probably reacted with
Fe(lll) supplied with the inoculum, and no sulfide ore was used. These differences be-

tween with the experimental conditions likely explains these different results.

Chen et al. (2015) reported no effect of Cyanex 272 on biological iron oxidation, which
was similar to this study. In their study no precipitate formation was observed. The growth
medium (9K medium) of Chen et al. (2015) differed from the growth medium used in this
study. In this study, Cyanex 272 reacted with constituent(-s) of TES, which included, for
example, cobalt (CoCl,-6 H>0), that is not present in 9K medium and is separated from
nickel with Cyanex 272. Therefore, it is possible that no precipitation occurred during the
experiment of Chen et al. (2015), and Cyanex 272 does not inhibit biological iron oxida-

tion at saturation concentration.

Tuttle & Dugan (1976) reported the influence of various organic compounds, including
carboxylic acids, on growth and iron and sulfur oxidation. On the basis of their results, it
was suggested that relative electronegativity of the organic compounds was the most

significant factor affecting the ability of the compound to inhibit iron and sulfur oxidation.
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Since the experimental design of their study differed from this, the same conclusions

about the effect of electronegativity cannot be directly drawn.

Based on the chemical structure, relative electronegativity of neodecanoid acid is lower
than, for example, electronegativity of alpha ketoglutaric acid, which was also studied by
Tuttle & Dugan (1976). However, inhibitory effect of neodecanoid acid was observed
already at much lower concentrations (> 6.3 mg/L), compared to the lowest studied alpha
ketoglutaric acid concentration (90 mg/L) of the study of Tuttle & Dugan (1976), which
resulted 46% reduction in iron oxidation. Therefore, it is possible that some other factor
than just the relative electronegativity of the organic compound can affect toxicity. Based
on the pKa value of neodecanoid acid (5.17) and pH of the culture medium (~2), the
neodecanoid acid did not dissolve well and was only partially present in the aqueous
phase. Therefore, the actual neodecanoid acid concentration of the culture medium
could have been even lower than the added amount would suggest (DeRuiter 2011;
ECHA 2020).

In addition to the studied organic solvents, the inhibitory effects, and mechanisms on
bioleaching microorganisms of the other organic compounds have been investigated in
numerous studies. Fang & Zhou (2006) reported that from the studied low molecular
weight monocarboxylic acids (formic, acetic, propionic, and butyric acid), formic acid was
the most inhibitory to both biological iron and sulfur oxidation. The results of this study
showed 50% inhibition of iron oxidation and 70% inhibition of sulfur oxidation at 15 mg/L
(0.33 mmol/L) concentration, and both iron and sulfur oxidation was completely inhibited
at concentration of 77 mg/L (1.67 mmol/L). Tuttle & Dugan (1976) reported that from the
studied carboxylic acids, formic acid was the most inhibitory to biological iron oxidation.
Frattini et al. (2000) reported that different bacterial strains (A. ferrooxidans), had a dif-
ferent response to inhibitory organic compounds. In their study, inhibitory concentrations
of citric acid and glucose varied between 9.6-25 g/L (50-130 mmol/L) and 13-50 (70—

280 mmol/L), respectively, depending on the strain.

It has been proposed that inhibitory mechanisms of organic acids, would be associated
with the dissociation of the acids (Alexander et al. 1987; Frattini et al. 2000). At low pH
(< 2.5), most of the organic acids are in their undissociated form, and thus more easily
diffused into the microbial cell through its cytoplasmic membrane (Alexander et al. 1987).
In close to neutral pH (~6.5) of the cytoplasm, organic acids are dissociated, leading to
acidification of cytosol and dispersal of transmembrane pH gradient, which is mandatory
for the growth of microorganisms living in acidic bioleaching environments. It has also
been proposed that the inhibitory effect of organic compounds, could be due to elevated

anion concentration in cytoplasm, formed from dissociation of the organic compounds,
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which results in osmotic damage of the microbial cell. (Alexander et al. 1987; Frattini et
al. 2000) Alexander et al. (1987) also proposed that inhibitory effect of organic com-
pounds could be explained by using Henderson-Hasselback equation, i.e., organic com-

pounds with lower pKa values would be more inhibitory to bioleaching microorganisms.

Tuttle & Dugan (1976) proposed that possible inhibitory mechanisms of the organic com-
pounds on bioleaching microorganisms would also include direct impact on iron oxidizing
enzyme system and reaction with Fe(ll), present in bioleaching environment. When or-
ganic compounds react abiologically with Fe(ll), Fe(ll) is no longer a bioavailable sub-

strate for the iron oxidizing bacteria.

The possible inhibitory effects of organic compounds are, however, reduced in mixed
acidophilic bioleaching cultures. Mixotrophic and heterotrophic microorganisms, present
in bioleaching environment, degrade organic matter, and thereby detoxify the growth
environment for the iron and sulfur oxidizing microorganisms. (Johnson & Roberto 1997;
Schippers 2007; Li et al. 2011) Since it has been recognized that different bacterial
strains respond differently to organic compounds, the inhibitory effect of organics can
also be possibly reduced by enrichment of resistant bacterial strains into the bioleaching
environment (Frattini et al. 2000) In heap bioleaching a diverse and dynamic bioleaching
microbial community naturally exists in bioheaps, however, if bioheaps are inoculated,
the initially introduced bacterial species and strains can possibly be selected more
closely. (Frattini et al. 2000; Watling 2006; Halinen et al. 2012)

6.3 Potential of enhancing bioleaching by ammonium-rich pro-
cess liquors

The results of this study showed that both AS bleed and feed enhanced biological iron
oxidation at concentrations of 1% (v/v) and below (Figure 42). The iron oxidation rate of
AD control, which was intentionally incubated without ammonium (ammonium deficit me-
dium), was 2.0 g/L/d, whereas the iron oxidation rates with 0.11 g/L ammonium control
and AS bleed and feed concentrations were above 2.3 g/L/d. When AS bleed and AS
feed concentration were above 0.09% (v/v) and 0.1% (v/v), respectively, iron oxidation
rate did not increase significantly. The iron oxidation rates were calculated from the slope
of the linear regression line of the exponential part of the Fe(ll) oxidation curves, with R?

values above 0.93, except for AD control (R?=0.86).
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Figure 42. Influence of (a) AS bleed concentration (0.09-1.0 % (v/v)) and (b)
AS feed concentration (0.1-1% (v/v)) on iron oxidation rate during iron oxidation
by the iron oxidizing ammonium deficit (AD) culture. Iron oxidizing AD culture
was cultivated without ammonium supplementation. Iron oxidation rates were
calculated from the slope of the linear regression line of the exponential part of
the Fe(ll) oxidation curves (see figure 39). The standard deviations are pre-
sented with the error bars (n=2).

Earlier studies have showed that ammonium supplementation could enhance biological
iron oxidation and bioleaching (Krafft & Hallberg 1993; Niemela et al. 1994; d’Hugues et
al. 1997; Ahoranta et al. 2017). Krafft & Hallberg (1993) reported that already 0.027 g/L
ammonium addition enhanced zinc extraction from the zinc sulfide ores by approximately

5-60%, compared to the microbial culture without ammonium supplementation.

Niemela et al. (1994), d’'Hugues et al. (1997) and Ahoranta et al. (2017) studied influ-
ences of higher ammonium concentrations on bioleaching and iron oxidation. Niemela
et al. (1994) showed that 0.11 g/L ammonium supplementation enhanced biological iron
oxidation by a mixed bacterial culture. This study reported similar results with 0.11 g/L
ammonium concentration, when ammonium was supplemented with AS stock and with
AS bleed. d’'Hugues et al. (1997) and Ahoranta et al. (2017) reported that 1.03 g/L (0.80

g/L of N) and 0.41 g/L (0.32 g/L of N) ammonium concentration was sufficient to enhance
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bioleaching and biological iron oxidation. Since these concentrations were the lowest
studied concentrations, it remains unknown whether even lower concentrations would
enhance iron oxidation or bioleaching. Ahoranta et al. (2017) also reported that the in-
crease of ammonium concentration above 0.41 g/L did not significantly increase the bi-
ological iron oxidation, while in this study, ammonium concentration already above 0.079

g/l and 0.11 g/L did not significantly increase the biological iron oxidation.

In addition to ammonium, the influence of nitrogenous organic compounds on bioleach-
ing and biological iron oxidation have been studied by Puhakka & Tuovinen (1987), d’'Hu-
gues et al. (1997), Li et al. (2011), and Huynh et al. (2020). Puhakka & Tuovinen (1987)
reported that 0.22 g/L yeast extract concentration increased nickel, zinc, copper, and
cobalt recovery approximately by 30%, 55%, 30%, and 50%, respectively. The results of
Li et al. (2011) showed that yeast extract decreased bioleaching rate at temperature of
30 °C, whereas at temperatures of 40 and 50 °C, bioleaching was increased. Huyhn et
al. (2020) reported that yeast extract increased cell number of Sb. thermosulfidooxidans
approximately 5 times higher, compared to the culture without yeast extract. D’Hugues
et al. (1997) studied the difference between the influence of ammonium and urea sup-
plementation to bioleaching. The results of their study showed that inorganic ammonium
was more efficient nitrogen source compared to organic urea. Therefore, it can be con-
cluded that nitrogen containing organic compounds can possibly enhance bioleaching

and biological iron oxidation.

Previous nitrogen supplementation studies showed that the form of nitrogen has a great
influence on the growth and bioleaching activity of bioleaching microorganisms. It has
been recognized that ammonium enhances biological iron oxidation and bioleaching,
whereas nitrate has been reported to have a negative impact on bioleaching activity of
microorganisms. (Krafft & Hallberg 1993; Niemela et al. 1994; d’Hugues et al. 1997;
Suzuki et al. 1999; Harahuc et al. 2000; Ahoranta et al. 2017) Niemela et al. (1994)
reported that nitrate concentration of 0.38 g/L inhibited biological iron oxidation, whereas
in Suzuki et al. (1999) and Harahuc et al. (2000) studies, 0.62 g/L nitrate concentration
inhibited biological sulfur oxidation and iron oxidation, respectively. The results of the
study of d’Hugues et al. (1997) showed that nitrogen supplemented in form of organic
compounds: urea and DAP, did not enhance bioleaching as efficiently as ammonium.
Therefore, it can be concluded that ammonium is the most suitable source of nitrogen,
and that ammonium-rich process liquors can be used as source of ammonium supple-

ment in low concentrations (<1% (v/v)).
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6.4 Environmental effects of residual nitrogen and organic sol-
vents

When supplementation of full-scale bioleaching process with the ammonium-rich AS
bleed and feed is planned, possible negative environmental effects of residual nitrogen
and organic solvents (TOC) must be considered. It is possible that some of the nitroge-
nous and organic compounds may also be present in the wastewater, and thus, result in
environmental pollution. In aquatic environments, nitrogenous compounds result in oxy-
gen depletion and eutrophication, while organic compounds can result in floating organic
phases, oxygen depletion, and toxic effects on aquatic life (Nufiez 2001; EPA 2002;
Schindler 2006; Keeney & Hatfield 2008; Mullholland & Lowas 2008). Therefore, the re-

lease of any ammonium or organic compounds into the environment must be prevented.

Based on the results of this study, when using 0.1% (v/v) AS bleed as a nitrogen supple-
ment, residual ammonium concentration was approximately 10 mg/L. Therefore, large
quantities of ammonium ions (tens of thousands of kilograms of ammonium) could be
released yearly into the environment, based on the wastewater volumes of Terrafame
(approximately 8.0 million cubic meters in year 2020) (Eurofins Ahma Oy 2021). Nitrogen
load of the mining industry is mainly originated from the mining explosives and cyanide
used in the gold mineral processing. It has been estimated that 2 000 t N/a of nitrogen is

released into environment through mining activity in Finland. (Jermakka et al. 2015)

For comparison, in pulp and paper mills nitrogenous discharges are controlled. The over-
all nitrogen load of the pulp and paper industry in Finland is approximately 2 000 t/a
(Ymparistd.fi 2019). In Adnekoski bioproduct plant (of Metsa Fibre and board Oy), am-
monium limit value is set to 4 mg/L in the environmental permit, when ammonium load
to the recipient waters is approximately 73 000 kg/a (Lansi- ja Sisd-Suomen aluehallinto-
virasto 2015). In pulp, chemi-thermomechanical pulp, and cardboard plant of Stora Enso
Oulu Oy, ammonium limit in the wastewater effluent is 2 mg/L, with the ammonium load

of approximately 45 000 kg/a (Pohjois-Suomen aluehallintovirasto 2020).

Most wastewater effluents of Terrafame are released in Nuasjarvi. From Nuasjarvi, water
goes to Oulujarvi. (Eurofins Ahma Oy 2021) A large municipal wastewater treatment
plant of Peuraniemi also releases its effluent into Oulujarvi. In environmental permit
terms of Peuraniemi, there is no limit values for nitrogen or ammonium. However, in
Peuraniemi, nitrogen and ammonium load and concentration in wastewater effluent is
monitored yearly. In Spring of 2021, ammonium concentration of released wastewater
was approximately 26 mg/L and ammonium load was approximately 79 000 kg/a. (AFRY

Finland 2021) It is, however, possible that in future nitrogen and ammonium limit values
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will be set to Peuraniemi and other separate wastewater treatment plants of the area due
to tightened environmental regulations. Generally, nitrification requirement, and in some
cases also denitrification requirement, has been set to the inland municipal wastewater
treatment plants in Finland (Laitinen et al. 2014). For example, in other inland cities of
Finland (Karkkila and Jyvaskyld) ammonium limit value of the municipal wastewater
treatment plants is set to 4 mg/L in the environmental permits (City of Karkkila 2011; JS-
Puhdistamo 2013).

In aquatic environments, excess anthropogenic ammonium can result in eutrophication,
by supporting growth of excess phytoplankton and vascular plant (Schindler 2006). The
excess phytoplankton and plant growth can result in various drastic harmful effects in
the waterbodies. Eutrophication can reduce water clarity, decrease plant and animal di-
versity, and harm water quality. Eutrophication can also produce unpleasant smell, bio-
logical fouling and prevent recreational and industrial uses of the surface water.
(Schindler 2006; Keeney & Hatfield 2008) When the excess phytoplankton and vascular
plant mass is decomposed, dissolved oxygen of the waterbody is consumed at higher
rate than it is replenished, leading to hypoxic or anoxic zones, called dead zones, espe-
cially in bottom water layers. In hypoxic or anoxic zones, the oxygen level is insufficient
for the most aquatic organisms, leading to unhabitable water layers. (Keeney & Hatfield
2008)

The main oxygen consuming mechanism associated with ammonium is nitrification in
the recipient water. In nitrification, ammonium is oxidized first into nitrite and then into

nitrate by nitrifying bacteria, according to the following equations:
2NH} + 30, - 2NO; + 2H,0 + 4H* 4)
2NO; + 0, - 2NO3 (5)

Ammonium is first oxidized to nitrite (Eq. 4), and four protons are released. Nitrite is
further oxidized into nitrate (Eq 5). (Sayavedra-Soto & Arp 2011; Starkenburg et al. 2011)
Nitrification consumes oxygen, and therefore, it reduces dissolved oxygen in water. In
nitrification process, the water quality of the aquatic environment can also be reduced
due to decreased alkalinity, pH, and promoted bacterial regrowth. (EPA 2002; Saya-
vedra-Soto & Arp 2011) Decreased pH and alkalinity of the water can lead to negative
ecological effects, such as fish die-offs, when metals are in more bioavailable form in
water, and dissolution of the shells and exoskeletons of the aquatic organisms. (EPA
2002; Mullholland & Lowas 2008)

To prevent the negative environmental effects of nitrogen, municipal wastewater treat-

ment plants in Finland generally have a nitrification requirement (Laitinen et al. 2014). In



116

nitrification, ammonium-nitrogen is oxidized into nitrate, and thereby the excess oxygen
consumption in the recipient waters is controlled (EPA 2002; Laitinen et al. 2014). Pre-
venting the nutrient load of nitrogen, denitrification process, is used in many municipal
wastewater treatment plants. In denitrification process, nitrate-nitrogen is reduced to N-
gas. (Laitinen et al. 2014) Suitability of these methods for reducing the nitrogen load of
mining wastewaters has been studied in Finland (Papirio et al. 2014; Jermakka et al.
2015; Zou et al. 2015).

In addition of ammonium load, also the TOC concentration of the wastewater must be
considered. The main negative environmental effect of organic compounds is oxygen
consumption. In biodegradation of organic compounds, oxygen is consumed and result
in reduced level of dissolved oxygen in recipient waters, such as in eutrophication and
nitrification. (Nunez 2001; Roy 2001; Schawarzenbach et al. 2016)

Organic solvents are harmful to environment, however, this can vary considerably by the
organic compound (Nufez 2001). In aquatic environments, organic compounds can re-
duce water quality, prevent recreational and industrial uses of the water, and produce
unpleasant smell (Nufiez 2001; Roy 2001; Schawarzenbach et al. 2016). Organic com-
pounds can also form floating phases on top of water. Aquatic organisms are then ex-
posed to the organic compounds when moving near the water surface. In addition to
organic phase, organic compounds can also be partly dissolved in water or volatized into

atmosphere. (Roy 2001; Schawarzenbach et al. 2016)

Some organic solvents can be toxic or carcinogenic to various species, and thereby af-
fect biotic community of the recipient waters by various ways and reduce aquatic life
diversity (Nuiez 2001; Roy 2001). All the studied organic solvents used in Terrafame,
except Nessol D100, are classified as hazardous for environment, if they are not treated
or disposed appropriately (ExxonMobil 2018; LANXESS 2018; Neste 2019; Solvay
2019). From the organic solvents, Cyanex 272 and Baysolvex D2EHPA are also classi-
fied to be toxic to aquatic life (LANXESS 2018; Solvay 2019). Government of Australia
has set the no observed effect concentration (NOEC) of 2.9 mg/L Cyanex 272 on Daph-
nia magna (water flea), which is lower than the TOC concentration in the recycled pro-

cess liquors (10 mg/L) (Worksafe Australia 1996).

Almost all organic solvents are also volatile organic compounds (VOCs), which can form
ground level ozone and other oxidants, when participating in photochemical reactions at
lower atmosphere. Ground level ozone and other oxidants can have a negative effect on

lungs of various species. (Nuiiez 2001)
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7. CONCLUSIONS

The following conclusions can be drawn based on the experiments of the laboratory-

scale study:

Both AS bleed and feed negatively affect biological iron oxidation. Both delay the
onset of biological iron oxidation at concentrations higher than 2% (v/v). With AS
bleed and feed concentrations of 20% (v/v) and 50% (v/v), respectively, the inhi-
bition of iron oxidation is irreversible. At concentration 2% (v/v) and below, AS

bleed and feed do not affect biological iron oxidation.

Under ammonium limited growth conditions, 0.079 g/L ammonium supplementa-
tion with 0.1% (v/v) AS feed, and 0.11 g/L ammonium supplementation with
0.09% (v/v) AS bleed enhance biological iron oxidation, and therefore also po-
tentially enhance efficiencies of heap bioleaching. When increasing the AS bleed
and feed concentration to 1% (v/v), iron oxidation rate is not further significantly

increased.

AS delays the onset of biological iron oxidation at concentrations higher than 20

g/L. AS inhibits iron oxidation irreversibly at concentration of 250 g/L and above.

AS bleed enhances biological sulfur oxidation at concentration of 8% (v/v) and

below.

Neodecanoid acid delays the onset of iron oxidation at 2.5% of its water solubility
(6.3 mg/L) or higher.

Nessol D100, Baysolvex D2EHPA and Cyanex 272 are nonbioavailable to the
bioleaching microorganisms, and, therefore, do not affect biological iron oxida-

tion.

The results of this study are valid only for laboratory-scale (batch assays) biolog-
ical iron and sulfur oxidation. Prior to application of the additives in real-scale
heap bioleaching, bioleaching experiments with Terrafame’s ore must be per-
formed. For example, these experiments could be implemented first as batch as-
says and in columns (semi-continuous and/or continuously fed) and then followed

by pilot-scale heap bioleaching.
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Recommendations for the possible upcoming experiments:

To determine the full potential of nitrogen supplementation with AS bleed and
feed, nitrogen limitation of the bioleaching microorganisms in bioheaps of Ter-

rafame should be verified.

For enhancement of heap bioleaching process, the uses of possible bioleaching

additives, other than nitrogen, could be performed.

Further studies to determine the lowest inhibitory concentration of AS bleed on
biological sulfur oxidation and of AS feed on biological iron oxidation, are recom-

mended.

To study the possible biodegradation of neodecanoid acid, experiments with het-
erotrophic bioleaching microorganisms should be implemented. Hetero-
trophic/mixotrophic bioleaching microorganisms should be enriched by using ne-

odecanoid acid as a substrate.

Conclusions and recommendations for the Terrafame battery chemical production plant

process:

Since most of ammonium present in AS bleed and feed, is not utilized by the
bioleaching microorganisms, treatment of the residual ammonium, in the
wastewater of the metal recovery area, must be considered when supplementa-
tion of the full-scale heap bioleaching process is considered with AS bleed and
feed, for preventing excess ammonium load and negative environmental effects
result of it. When using 0.1% (v/v) AS bleed as a nitrogen supplement, tens of
thousands of kilograms of ammonium could be released yearly into the environ-
ment, based on the wastewater volumes of Terrafame. This ammonium load
could potentially result in harmful environmental effects in recipient waters which

should be further studied.

When the studied organic solvents are present in the aqueous process liquors as
separate phase, their physico-chemical effects on the battery chemical produc-
tion process and process liquor cycle, between the battery chemical production
plant and bioheaps, must be considered. The separate organic solvent phase
must be removed from the process liquors and treated in order to prevent eco-

nomic losses and environmental pollution. Since all the studied organic solvents
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used in Terrafame, except Nessol D100, are classified as hazardous for environ-
ment, and Cyanex 272 and Baysolvex D2EHPA classified as toxic to aquatic life,
possible harmful environmental impacts of them in the recipient waters must be

considered.
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APPENDIX 1: CHEMICALS

Chemical

Manufacturer

Baysolvex D2EHPA (90-100%, w/w)
Ca(NOs3)2-4 H20
CH3CO2H
C2H7NO2
CsHsKO4
C1oH1902H (100%)
C12HsN2-H20
CoCl2-7 H20
CuSO04-5 H20
Cyanex 272 (100%)
FeCls-6 H20
FeS0O4-7 H20 (for analysis)
FeSOa4-7 H20 (technical grade)
H3BOs
HCI (37%)

H2S04 (95-97%)

KCI
K2HPO4
MgSO4-7 H20
MnSOs-4 H20
Nessol D100
(NH4)2S04
NaOH (solid)
Na2MoO4-2 H20
Na2SeOq
Naz2S04
Na2S04-10 H20
SO (technical grade)
ZnS04-7 H20

LANXESS Deutschland GmbH, Germany
Merck, Germany
Merck, Germany
Lab Honeywell, Germany
Merck, Germany
ExxonMobil Chemical Company, US
Merck, Germany
Merck, Germany
Merck, Germany
Solvay Business Services Latvia SIA, Latvia
Merck, Germany
ACROS Organics, the Netherlands
VWR, Belgium
Alfa Aesar, Germany
VWR, France
Merck, Germany
Merck, Germany
J. T. Baker, the Netherlands
Merck, Germany
Merck, Germany
Neste Corporation, Finland
ACROS Organics, the Netherlands
VWR, Belgium
J. T. Baker, the Netherlands
ACROS Organics, the Netherlands
Merck, Germany
Merck, Germany
VWR, Belgium
VWR, Belgium
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