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Abstract: Microorganisms enter the flotation process mainly from intake water and ore material.
The diversity and number of microorganisms can vary significantly from mine to mine. In flotation,
the conditions including oxygen levels, temperature, and nutrients from ore, intake water, and reagents
are often favorable for the microbial growth. The mining industry aims to close the water loops,
which is expected to result in the accumulation of microorganisms in the process waters with potential
effects on flotation performance. Bioflotation, bioleaching, and bio-oxidation have been studied for
decades as tools for concentrating and dissolving minerals. In contrast, there is limited scientific
literature or industrial knowledge about microorganisms that naturally inhabit and prevail in minerals
processing applications over a wide pH range. Microorganisms affect minerals when they selectively
attach to the surfaces, produce extracellular polymeric substances (EPS) and polysaccharides, oxidize
or reduce the minerals, change the pH and Eh of the process solution, and degrade organic flotation
chemicals. Microorganisms contain different structural components that affect their surface chemistry,
charge, and behavior in flotation, but these properties may also change via adaptation and solution
conditions. Almost all studies on flotation have focused on chemical and physical parameters, and the
role of naturally occurring microorganisms has remained underexplored. Advances in genomics
and proteomics offer possibilities to describe not only which microorganisms are present, but also
which physiological functions are being exercised. This article reviews the current knowledge of
microorganisms in various mineral processes, identifies potential microbe–mineral interactions
in flotation, describes the gaps in current knowledge, and concludes with the potential effects of
microorganisms on flotation, especially in closed water loops.
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1. Introduction

Previously, bioflotation and bioflocculation using known selected microorganisms or produced
biomolecules have been tested as flotation reagents, enhancing the selective separation of minerals
at laboratory scale [1,2]. Microorganisms can flocculate finely dispersed minerals [3]. Bioleaching,
which dissolves metals from sulphidic minerals in acidic conditions with the help of iron- and
sulphur-oxidizing microorganisms [4–6], has been utilized commercially for decades [7]. In addition,
biooxidation to pretreat gold-containing minerals with microorganisms has been used in the mining
industry [4,8]. In contrast, there is limited scientific literature about microorganisms, which naturally
inhabit and prevail in minerals processing applications over a wide range of pH levels (Figure 1).
Scientific knowledge of the potential accumulation of microorganisms and their effects on closed water
system in flotation is lacking [9], resulting in the clear need to study microbe–mineral interactions in
more detail [10]. This article reviews the current knowledge of microorganisms in various mineral
processes, identifies potential microbe–mineral interactions in flotation, describes the gaps in current
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knowledge and concludes with the potential effects of microorganisms on flotation, especially in closed
water loops.
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Figure 1. Epifluorescence image of DAPI (4′,6-diamidino-2-phenylindole) stained Pb concentrate (a) 
and Zn rougher concentrate (b) samples showing the presence of microorganisms in flotation. Cells 
appear as bright blue spots and leftover stain as paler blue especially around black mineral particles. 
Scale bar is 10 µm.  

2. Flotation 

Flotation is the most common method for concentrating ore, and it is based on the separation of 
hydrophobic materials from hydrophilic ones [11] in an extremely complicated dynamic process 
including interactions of gas, liquid, and solid phases under flow. Much of the research has focused 
on electrostatic, van der Waals, hydrophobic, and capillary interactions, but there are also other forces 
that have remained uninvestigated, such as depletion interaction [12]. 

Recovery, grade, floatability, and selectivity of minerals determine flotation efficiency [13]. The 
performance of flotation is significantly affected by water quality and its fluctuations [9,14]. Many 
mines obtain raw intake water from several sources with varying qualities [13]. 

In the mine site, flotation is the highest water consuming unit process [11]. Therefore, the 
tendency to increase water circulation in the mine sites focuses especially on flotation and may result 
in the accumulation of microorganisms in the process. In addition to conventional physico-chemical 
flotation, bioflotation has been tested as a means for minerals separation. The scientific knowledge 
created in the bioflotation studies gives insights also to potential effects of naturally prevailing 
microorganisms in minerals processing. 

2.1. Closing the Water Loops in Flotation 

The mining industry aims to close the water loops in metals production processes due to 
environmental and economic aspects [15]. Mine sites in various geographic and climatic conditions 
may face water scarcity with too little water for running the operations or excess water resulting in 
discharges during rainfalls [16,17] or both over different seasons [18]. Water scarcity and water excess 
can have serious impacts on the business of the mining companies. Therefore, mine sites have 
increased water reuse from multiple sources [13] and many mining companies have set targets to 
reduce their water consumption [19]. 

The effects of water circulation on flotation performance depend on the mineral and reagents. 
Evdokimova et al. [20] reported that the circulation of water in an apatite flotation process 
significantly increased the consumption of flotation reagents. Already in traditional flotation without 
water recirculation, various complex surface interactions take place between dissolved reagents, 
colloidal species, solid–liquid–gas interfaces, and microorganisms. The complexity of these 

Figure 1. Epifluorescence image of DAPI (4′,6-diamidino-2-phenylindole) stained Pb concentrate
(a) and Zn rougher concentrate (b) samples showing the presence of microorganisms in flotation.
Cells appear as bright blue spots and leftover stain as paler blue especially around black mineral
particles. Scale bar is 10 µm.

2. Flotation

Flotation is the most common method for concentrating ore, and it is based on the separation
of hydrophobic materials from hydrophilic ones [11] in an extremely complicated dynamic process
including interactions of gas, liquid, and solid phases under flow. Much of the research has focused on
electrostatic, van der Waals, hydrophobic, and capillary interactions, but there are also other forces that
have remained uninvestigated, such as depletion interaction [12].

Recovery, grade, floatability, and selectivity of minerals determine flotation efficiency [13].
The performance of flotation is significantly affected by water quality and its fluctuations [9,14].
Many mines obtain raw intake water from several sources with varying qualities [13].

In the mine site, flotation is the highest water consuming unit process [11]. Therefore, the tendency
to increase water circulation in the mine sites focuses especially on flotation and may result in the
accumulation of microorganisms in the process. In addition to conventional physico-chemical flotation,
bioflotation has been tested as a means for minerals separation. The scientific knowledge created in
the bioflotation studies gives insights also to potential effects of naturally prevailing microorganisms
in minerals processing.

2.1. Closing the Water Loops in Flotation

The mining industry aims to close the water loops in metals production processes due to
environmental and economic aspects [15]. Mine sites in various geographic and climatic conditions
may face water scarcity with too little water for running the operations or excess water resulting
in discharges during rainfalls [16,17] or both over different seasons [18]. Water scarcity and water
excess can have serious impacts on the business of the mining companies. Therefore, mine sites have
increased water reuse from multiple sources [13] and many mining companies have set targets to
reduce their water consumption [19].

The effects of water circulation on flotation performance depend on the mineral and reagents.
Evdokimova et al. [20] reported that the circulation of water in an apatite flotation process significantly
increased the consumption of flotation reagents. Already in traditional flotation without water
recirculation, various complex surface interactions take place between dissolved reagents, colloidal
species, solid–liquid–gas interfaces, and microorganisms. The complexity of these interactions further
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increases with closed water loops [9]. The temperature will also rise to the optimum level of many
mesophilic organisms (30–35 ◦C) due to the short water circuits (water retention times in closed water
loops are hours instead of days/months) presumably resulting in the increased growth of bacterial
biomass. This will result in the accumulation of microorganisms in addition to various chemical
elements, such as metals, thiosulphates, sulphates, and flotation chemicals, into the water. In the study
of Liu et al. [21], a negative effect caused by the presence of microorganisms on metal recovery and
flotation performance was shown. There is a clear need to understand the potential accumulation of
microorganisms and the effects of this phenomenon on flotation efficiency [9,21].

2.2. Bioflotation and Flocculation

Bioflotation and bioflocculation have been tested to enhance the selective separation of
minerals [1,2]. In bioflotation, microorganisms or their products can be used as flotation collectors,
depressants, and activators [22,23]. Bioflotation has been used only in laboratory scale so far [2,24]
using mostly pure microbial cultures (Table 1) [25]. The quantity of microorganisms needs to be high
for efficient bioflotation to compete with conventional flotation chemicals [22]. La Vars et al. [26]
showed that mineral surface is modified already by low cell coverage.

The focus in previous research has been on bioflotation and flocculation of sulphide minerals,
with very little effort on oxide minerals [1]. Bioflotation has been tested with various microorganisms
for quartz [27], with Rhodococcus opacus in phosphate flotation [23], with Staphylococcus carnosus for fine
coal tailings [28], with Bacillus pumilus, Alicyclobacillus ferrooxidans [29] and Ferroplasma acidiphilum for
pyrite [30], and with Bacillus megaterium for selective flotation of sphalerite from a mineral mixture
consisting of sphalerite and galena [31]. Merma et al. [32] showed that apatite-adapted Rhodococcus
opacus cells increased the upper pH range for floatability of apatite from pH 7 to pH 9, and that these
cells could be used as collector improving the separation of apatite from quartz, within a selective
narrow window around pH 3.

Table 1. A summary of bioflotation tests with pure microbial strains.

Microorganism Bioflotation Tested pH Range T (◦C) Ref.

Leptospirillum
ferrooxidans

Flocculation of chalcopyrite and pyrite.
Greater depression of chalcopyrite compared

to pyrite.
1.8–11 30 [33,34]

Acidithiobacillus
ferrooxidans

Oxidation of pyrite surface and depressive
effect on pyrite. 1.8 30 [26]

Rhodococcus opacus
Use as biocollector and biofrother. Improved

separation of apatite from quartz in
phosphate flotation.

2–12 20–28 [23,32]

Staphylococcus
carnosus Biocollector in fine coal tailings flotation. 7–10 room temp. [28]

Bacillus pumilus
Change of surface chemical properties of

pyrite, oxidation of iron and sulphur for the
use of depressant in pyrite flotation.

3–6 30 [29]

Alicyclobacillus
ferrooxidans

Change of surface chemical properties of
pyrite, oxidation of iron and sulphur for the

use of depressant in pyrite flotation.
3–5 30 [29]

Ferroplasma
acidiphilum Good depressant for pyrite. 2.5–10 37 [30]

Bacillus megaterium Selective flotation of sphalerite from
sphalerite-galena. 2–10 room temp.

or 37 [31]

Halophilic microorganisms may be a solution for more environmentally friendly bioflotation
processes in areas where seawater is abundant, and freshwater is scarce [35]. Halophiles have
been shown to produce many different kinds of metabolites, such as polyhydroxyalkanoates (PHA),
ectoines, and bio-surfactants in addition to salt tolerant enzymes [36]. The adsorption of halophilic
bacteria, especially Halobacillus sp., specifically to pyrite, occurred within 5–10 min of exposure,
but this required that the bacteria produce hydrophobic moieties on their cell wall and thus act as
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pyrite bio-depressants [35]. Nevertheless, specific bio-depressant microorganisms could in the future
substitute lime as a depressing agent [35].

When bioflotation microorganisms are adapted to minerals, the bioflotation performance may
improve. In adaptation, the cells respond to stimuli in their environments, which makes the cells
more tolerable. For example, adaptation of Bacillus megaterium to the target minerals resulted in
better bioflotation performance compared to the unadapted strains [31]. It is important to note that
microorganisms can also decrease the flotation process performance. In the study of Liu et al. [37],
Escherichia coli cells had a negative effect on the flotation efficiency of chalcopyrite, pyrite, and gold in a
porphyry ore. Microbial cultures may thus have positive, neutral, or negative impacts on flotation.

Not only microorganisms, but also their metabolites and secreted compounds can have an effect
on flotation. Bioflocculants are biopolymers, which form bridges and rely on the agglomeration of fine
particles [38]. Bioflocculants have been analyzed to contain hydroxyl-, carboxyl-, and amino-groups,
and polysaccharides and proteins [38,39]. The polymeric bioflocculant QZ-2 produced by Bacillus
salmalaya strain 139SI was shown to remove As3+, Zn2+, Cu2+, Cd2+, and Pb2+ from industrial waste
water and the best results were obtained at neutral to alkaline pH [39]. A biosurfactant produced by
Rhodococcus erythropolis was used as a flotation chemical for hematite and quartz [40].

3. Microbe–Mineral Interactions in Flotation

Microorganisms affect minerals by attaching to the surfaces, oxidizing, or reducing the mineral,
and producing EPS and polysaccharides [1]. In addition, the microbial activity can crucially change
the pH (from 9.5 to 3) and Eh (from +400 mV to −200 mV) in a short time [9] and affect the chemicals
needed in flotation. Various microbe–mineral interactions are described in the following sections.

3.1. Cell Structure

Microorganisms’ cell walls contain different components that affect their surface chemistry,
charge, and behavior in flotation. The bacterial cell membranes vary in protein and polysaccharide
compositions from strain to strain and thus show different biochemical properties [2] and different
surface charges [41]. The negative charge of the microbial surface is primarily due to the presence
of peptidoglycan [42]. The lipids in the cell membranes of archaea and bacteria are different [43].
While bacteria have ester linkages bonding fatty acids and glycerol, the archaeal lipids have ether
linkages bonding glycerol and hydrophobic side chains with no fatty acids [30]. The lipids in the cell
wall cause hydrophobic behavior. Hydrophobicity results in flocculation of cells and adhesion to solids
and to air bubbles. If the microbial surface charge is increased, the possibilities for polar interactions
with water molecules are increased with simultaneous decrease in hydrophobicity [42].

The ionization of surface groups leads to charged cell surfaces depending on the pH [42]. The pH
value also affects the surface charge of minerals. If the cells and minerals have the same surface
charge, repulsive forces will hinder adsorption. When the pH is close to the bacterial isoelectric
point (IEP), repulsion does not exist. When the pH is far from the bacterial IEP, the cell surfaces are
charged, and the electrostatic repulsive forces take place depending on the mineral surface charge [27].
Microbial cells are negatively charged in solutions with pH above the microbial IEP and positively
charged, when the solution pH is below the microbial IEP. Under physiological conditions, the surfaces
of microorganisms are mostly negatively charged, because the functional groups on the microbial
cell surfaces are negatively charged. The substrate for microbial growth as well as the growth phase
affect the microbial surface charge [41] and subsequently the bioflotation efficiency [24]. Hydrophobic
growth substrates have been shown to support more hydrophobic cells, which as a consequence attach
to the hydrophobic substrates instead of charged particles [44,45]. Moreover, the surface properties of
mineral-adapted bacterial cells can be clearly different from those of unadapted cells [46]. For example,
pyrite and chalcopyrite adapted cells of Paenibacillus polymyxa produced more proteins on the cell
surface than cells unadapted to these minerals [47]. The presence of minerals modifies the cell wall
functional groups or metabolic products and affects the cell zeta-potential and hydrophobicity [32].
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3.2. Attachment of Microorganisms on Mineral Surface

There are different steps in bacterial attachment to surfaces starting from the transport of
microorganisms to the surface, initial adhesion, firm attachment of microorganisms, and surface
colonization [48]. The bacterial adhesion is based on the electrical potential and hydrophobicity [41]
being strongest, when the zeta-potential measurements show the biggest difference between cells and
mineral [24]. The initial reversible bacterial adhesion to mineral surface requires that the cells are in
close vicinity of the mineral surface [1]. In the tests, it has been shown that the microorganisms adhere
to the mineral surfaces within minutes [23,49] and have an effect on the floatability of the minerals [23].
This is followed by the irreversible adhesion via molecular mediated binding and microbially produced
extracellular polymeric substances (EPS) [1] formed of polysaccharides, proteins, nucleic acids, and
lipids [2]. Alternatively, shear stress can cause the detachment of microorganisms from the mineral
surface [24].

Govender and Gericke [25] used EPS extracted from bioleaching cultures to improve the bioflotation
of chalcopyrite. Selective flotation of sphalerite from a mineral mixture consisting of sphalerite and
galena was possible with extracellular secretions of Bacillus megaterium [31]. Extracellular proteins
isolated from Paenibacillus polymyxa were used in selective mineral separation of pyrite, chalcopyrite,
quartz, sphalerite, and galena [50]. The fractioned proteins rendered pyrite and chalcopyrite particles
hydrophilic and galena, sphalerite and quartz showed enhanced surface hydrophobicity. This enabled
the selective separation of sphalerite, galena and quartz from pyrite and chalcopyrite after prior
treatment with bacterial proteins. In the study of La Vars et al. [26], EPS was detected within
2 h of contact with Acidithiobacillus ferrooxidans on pyrite surface rendering the surface hydrophilic.
Acidithiobacillus ferrooxidans produced polysaccharides and fatty acid compounds in the initial adhesion
stage, and only later hydrophobic protein-and nucleic acid-rich EPS. This observation means that the
excreted compounds can change over time depending on the stage of EPS formation [26].

Mixed cultures have resulted in increased EPS production and increased attachment on mineral
surfaces compared to pure cultures [51]. Therefore, naturally occurring mixed cultures in the process
water may have very different effects on flotation compared to the studies done in the laboratory
environment with pure microbial cultures. When biofilm is formed on the surface of the mineral,
surface charge, composition, and hydrophobicity can change [2]. Some of the microbe–mineral
interactions occur within the EPS layer. For example, bioleaching has been considered as a result of
interfacial processes taking place in EPS [52–54]. The micro-environment within EPS may differ from
the actual conditions in the solution and protect the microorganisms against changes in pH, redox,
and chemicals [52].

Microorganisms have been shown to attach selectively to various mineral surfaces [23,55], resulting
in uneven distribution of EPS on the particle surface. Selective attachment on sulphidic minerals of
the ore has been observed for Metallosphaera hakonensis [56] and for bioleaching microorganisms [2].
The bioleaching microorganism Leptospirillum ferrooxidans was preferentially attached to pyrite over
chalcopyrite resulting in biofilm formation on pyrite surface, but not on chalcopyrite surface [34].
Leptospirillum ferrooxidans was shown to have a higher affinity to chalcopyrite than to pyrite,
which resulted in higher depression of chalcopyrite in flotation and better settling behavior [26].
In contrast, Paenibacillus polymyxa enforced a higher depression of pyrite than chalcopyrite, which
resulted from a higher proportion of polysaccharides produced on the cell surface in pyrite adapted
cells compared to chalcopyrite adapted cells, which also rendered the pyrite-adapted cells less
hydrophobic [47]. Bacillus pumilus and Alicyclobacillus ferrooxydans strains have been shown to produce
biosurfactants that change the chemical properties of pyrite surfaces, which increased the frothability
of pyrite [29].

The adaptation of cells to the specific minerals affects the amount of extracellular proteins produced
and subsequently the flotation performance [31]. With the thermophile Metallosphaera hakonensis, the
surface coverage of biofilm was most extensive close to the optimal temperature for growth of the
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microorganisms [56]. As a consequence, the adaptation time and whether the operational environment
is close to the optimal conditions of the microorganism, can also be important factors in the attachment.

3.3. Sulphur- and Iron-Oxidizing or Reducing Microorganisms

When water is recirculated in the processes, the substances, such as metal ions and soluble sulphur
species, in the water are also recirculated [13]. Sulphate-reducing bacteria can produce reduced
sulphur compounds, which can help as reductants in flotation [10]. Iron- and sulphur-oxidizing
microorganisms oxidize sulphidic minerals and dissolve various anions and cations to the solution.
Typically, iron and sulphur oxidation in bioleaching take place at the pH below 3 [57], but bioleaching
can also occur in an alkaline pH [58]. The pH in the flotation process varies case-by-case from acidic to
alkaline. Sulphur- and iron-oxidizing microorganisms may function as depressants of pyrite but not
of chalcopyrite or molybdenite in flotation using water with salinities ranging from fresh to saline
(NaCl 35 g L−1) at neutral pH [59]. The adhesion of Leptospirillum ferrooxidans cells on chalcopyrite and
pyrite caused flocculation of both minerals [33]. Acidithiobacillus ferrooxidans had a depressive effect on
pyrite [26] and Leptospirillum ferrooxidans on chalcopyrite [34].

Acidithiobacillus ferrooxidans has been shown to accelerate the oxidation of the pyrite surface to
sulphur compounds and thereby affect the flotation performance [26] and to selectively depress pyrite
in coal flotation; thus, by removing pyritic sulphur from coal, it could be used as a potential depressing
agent replacing sodium cyanide [60]. Biological oxidation of metal sulphides proceeds via various
intermediates, such as thiosulphate, tetrathionate, other polythionates, sulphate, elemental sulphur,
H2S, and H2S2 [54,61,62]. Produced sulphate ions in the presence of high calcium ion concentrations
can cause scaling and precipitation of e.g., gypsum. Gypsum precipitates also affect the interactions
between flotation reagents and minerals [63]. In the study of Kirjavainen et al. [64], thiosulphate ions
reduced the effect of hydrophilic compounds on sulphide particles resulting in improved flotation.

3.4. Interactions with Flotation Reagents

Flotation reagents are organic chemicals, which microorganisms may use as substrates and thereby
decrease the available reagents for flotation. On the other hand, flotation chemicals may also inhibit the
growth and activity of microorganisms. This has been a concern with flotation concentrates, especially
in bioleaching applications, which still contained some reagents. Sulphide mineral collectors have
been shown to be mostly biodegradable. Chen et al. [65] used activated sludge from a water treatment
plant to test the degradability of different collectors. Sodium diethyldithiocarbamate, ammonium
butyl-dithiophosphate, and n-butyl xanthate were readily biodegradable at the concentration of
30 mg L−1, whereas ethylthionocarbamate was less easily biodegraded. The microbial consortium
enriched from the activated sludge of the wastewater treatment plant also easily degraded xanthates
and dithiophosphate in the study of Cheng et al. [66]. Collectors, sodium isopropylxanthate (SIPX),
dodecylammonium acetate, and sodium oleate, were biodegraded by Paenibacillus polymyxa [67].
Flotation reagents including various collectors and frothers were shown to have either positive or
negative effect on the activity of Leptospirillum ferrooxidans depending on the chemical composition
and concentration [7]. Dehghan and Dianati [68] used similar flotation reagents and concentrations
as have been used in industrial lead–zinc flotation, which resulted in positive effects on the growth
and on increased bioleaching of zinc with Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans,
and Leptospirillum ferrooxidans.

In addition to biodegradation potential of flotation reagents and positive impact on microbial
growth, the reagents may also have adverse effects on microorganisms. Dopson et al. [69] observed
that relevant concentrations of collectors and frothers can decrease the bioleaching of chalcopyrite
due to the toxicity of these compounds to Sulfolobus metallicus. In contrast, potassium amyl xanthate
(PAX) increased the bioleaching rate, which was expected to occur due to the solubilization of the
passivating sulphur layer covering the mineral surface. Okibe and Johnson [70] showed a wide variety
of relative toxicity and sensitivity to flotation reagents by microorganisms. Dithiophosphates and
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mercaptobenzothiol were the most toxic flotation reagents to the tested microorganisms. Leptospirillum
was the most sensitive to many of the reagents [70]. Jafari et al. [71] studied the effects of flotation
chemicals in low concentrations on the activity and growth of iron oxidizing acidophiles (Acidithiobacillus
ferrooxidans and Leptospirillum ferrooxidans). In their study, no considerable effects were detected.
However, soil microorganisms have shown clear inhibition with sodium isobutyl xanthate (SIBX)
and sodium isopropyl xanthate (SIPX) in the concentrations of 5–300 g ton−1 soil [72] and with
butyl xanthate, butyl dithiosphosphate, and sodium diethyldithiocarbamate in the concentration of
100 g ton−1 soil [73]. Adaptation of microorganisms is also possible. For example, the adaptation of
Paenibacillus polymyxa and Pseudomonas putida strains to xanthate has been demonstrated [74].

4. Microbiology in Flotation

There is a pronounced lack of knowledge on how naturally occurring microorganisms affect
flotation performance [37]. In addition, the effect of microbial numbers is not straight forward.
For example, when the Rhodococcus erythropolis concentration was increased, the hematite floatability was
increased until a certain point, where after the floatability started to decrease again [49]. Microorganisms
enter the flotation process from intake water, ore material and recycled water. Nutritional inputs have
especially effects on the microbial consortia in low nutrient environments [75].

4.1. Microorganisms from Water and Ore Material

Intake water to flotation can be recovered from lakes, rivers, and the sea. In addition, treated
effluent including bacteria has been used as water source in some mines [21]. The typical bacterial
numbers in lake and river waters is at the levels of 106 to 107 cells mL−1 [76]. Different lakes have
different bacterial communities, which also vary within lakes along environmental gradients [77].
Yannarell and Triplett [78] studied the bacterial communities of 30 lakes in Wisconsin and showed a
profound difference between northern and southern lakes, with higher bacterial numbers in the southern
lakes. Various bacteria and archaea have been found also in natural rock leaching environments [5].
Acidic mine waters were shown to contain high diversity and microbial numbers reaching 106–107 16S
rRNA gene copies mL−1 [79]. The bacterial counts in different parts of a sulphide flotation circuit have
been in the range of 105 CFU mL−1 in process water to up to 109 CFU mL−1 in concentrate pulp [9].
In an apatite flotation process, the bacterial counts ranged from 106 to 107 cells mL−1 being highest
during summer months of June to August [20]. The dominating bacteria in the circulating water
of the apatite flotation process were identified as Acinetobacter, Pseudomonas, and Stenotrophomonas.
The Cerro Verde mine uses river water consisting partly of untreated wastewater and high bacterial
content of up to 108 CFU mL−1 has created challenges in flotation [37]. The diversity and number of
microorganisms in the intake water can vary significantly from mine to mine, and present complications
in the process performance.

Microorganisms are present naturally and even also in large numbers in the ores [22]. For example,
indigenous microorganisms with Proteobacteria as the dominant taxa were identified in natural
monazite ore [75]. Uranium ores retrieved from Indian underground mines were likewise dominated by
Gammaproteobacteria but contained also relatively high proportions of Acidobacteria and Bacteroidetes,
especially in organic carbon rich rock [80,81]. Bacterial isolates grown from freshly exposed organic
carbon rich black shale (Kupfershiffer) from the Lubin mine (Poland) were shown to belong to
Gammaproteobacteria, Firmicutes, and Actinobacteria [82]. These bacterial strains were shown to
retrieve organic carbon directly from the bituminous black shale. Isolated bacterial strains from
low-grade iron ores, classified as conglomerates and shale, from the Sishen mine in South Africa, were
shown to belong to Proteobacteria, Firmicutes, Bacteroidetes, and Actinobacteria [83]. The diversity of
microorganisms inhabiting ores is likely much higher, because the majority of microorganisms in nature
are not culturable on the media used in these studies. In addition, the studies above generally used
rich media, such as R2A, Nutrient Agar, and Luria-Bretani agar as growth medium, which effectively
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excludes microorganisms susceptible to high organic carbon concentrations, or microbes requiring
more defined growth conditions.

4.2. Flotation Conditions for Microbial Growth

In flotation, the conditions including oxygen levels, temperature, and nutrients from reagents
are often favorable for the bacterial growth [21]. Organic carbon levels have been shown to rise in
some parts up to > 200 mg L−1 [9]. Solution conditions, such as pH and ionic strength, and the
surface properties, such as hydrophobicity and zeta-potential, affect the attachment of microorganisms
on mineral surfaces [27]. When the pH is close to the IEP value of the bioreagent solution, there is
no charge at the bioreagent surface, which makes the floc formation possible [23]. The level of pH
has an effect on availability of various ions and metals, and thereby supports either inhibitory or
growth enhancing effects or both. Ghashoghchi et al. [84] investigated Bacillus licheniformis cells and
metabolites in bioflocculation of kaolin and quartz. Typically, elevation of the pH value resulted in the
decrease in the reagent adsorption and bio-flocculation [84]. When water is circulated in the flotation
circuit, the concentration of various elements starts to increase. The increase in the ionic strength of the
solution results in the increased capability of microbial adhesion to negatively charged surfaces and
the ability of bacteria to form aggregates, since the ions can act as bridges between the cell and mineral
surfaces [42].

Explosives used at mine sites contain large amounts of nitrogen compounds, which support the
growth of microorganisms. The share of nitrogen ending up in the mine sites drainage water varies
greatly, ranging from 0.2 to 28% of the used explosive mass and consisting mostly of nitrate and
ammonia and to lesser extend of nitrite [85]. The amount of nitrogen ending up to different raw ore
grades ranged from 6.5 mg Ntot kg−1 ore to 34.7 mg Ntot kg−1 ore in a Swedish (LKAB Kiruna) mine
using emulsified explosive [86]. From this nitrogen, about 43% was found from the tailings and the
rest mainly from the process water.

Flotation is dependent on temperature [87], which affects the flotation kinetics [88]. The increase
in the pulp temperature may improve the minerals recoveries [88]. Water recycling is likely to
increase the temperature of the pulp, which is also expected to support the growth and activity of
the microorganisms.

4.3. Management of Microorganisms

In flotation experiments with apatite and calcite minerals with, and without, bacteria enriched
from the flotation process, all the tested bacterial suspensions from 102 to 107 cells mL−1 had a
negative effect on the flotation performance [20]. Of the tested biocides (hydrogen dioxide, sodium
hypochlorite, and potassium permanganate) the most efficient was sodium hypochlorite at 2 to 5 mg
L−1 concentrations, which almost completely killed the bacterial suspension in 5 min. This treatment
cut the consumption of the collector mixture.

The effect of disrupted cells on flotation was studied by Liu et al. [89]. The disrupted cells had
a more negative effect on the copper flotation compared to the intact cells of E. coli. Microbial cells
can be disrupted in grinding mills and flotation circuits due to mechanical and chemical forces. The
intact cells eventually adsorb more selectively to the mineral surfaces compared to lysed cells. The
possible effects of cell disruption need to be taken into account in the management of microbes, since
the disinfection of water with bactericides may only kill the microorganisms, but it does not necessarily
remove the effects on flotation [89]. In this respect, only killing the microorganisms may not be enough
in the management of microorganisms in flotation, but the physical removal of the dead and living
cells by e.g., filtration, may be necessary.

5. Identified Gaps and Future Directions

Closed water loops have gained interest in physico-chemical flotation research and can also give
insights into future microbial aspects. Typically, water recycling has resulted in negative effects in
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flotation performance [90]. A change in ionic strength of the plant water as a result of water circulation
has negatively affected the behaviour of xanthate [91]. Ca2+ and SO4

2− ions [92], reduced sulphur
compounds such as SO3

2−, S2O3
2−, S2O5

2−, and S4O6
2−, cations of ferrous and non-ferrous metals,

residual chemical reagents and their degradation products [93] are typical in the recycled waters.
Sulphate has been shown to result in a negative effect on flotation [94]. Thiosulphate ions contribute to
altering mineral surface properties and consume dissolved oxygen [95]. Accumulating bicarbonate
ions depress the metal containing minerals and increase the recovery of minerals from the gangue
and can also overconsume reagents through oxidation [96]. Various precipitates including gypsum,
silica, iron hydroxide, and magnesium carbonate can cause mineral surface contamination in recycled
streams [14].

Several important physico-chemical and microbiological parameters were identified affecting
flotation process (Table 2).

Table 2. Parameters affecting flotation process.

Parameter Effect References

Sulphur and iron Iron- and sulphur-oxidizing microorganisms oxidize sulphidic
minerals and dissolve various anions and cations to the solution. [54,61,62]

Flotation reagents
Microorganisms may use flotation reagents as substrates and
decrease the available reagents for flotation. Flotation chemicals
may also inhibit the growth and activity of microorganisms.

[7,68–71]

pH Microbial activity can crucially change the pH in a short time.
The pH value affects the surface charge of minerals. [9,27]

Redox Microbial activity can crucially change the Eh in a short time. [9]

Temperature The flotation temperature is often favorable for the
bacterial growth. [21]

Nutrients Explosives contain nitrogen compounds, which can support the
growth of microorganisms. [85,86]

Population density Quantity of microorganisms affects bioflotation efficiency. The
effect of microbial numbers is not straight forward. [22,49]

Microbial diversity

Bacterial cells vary from strain to strain and show different
biochemical properties and different surface charges. Mixed
cultures have resulted in increased EPS production and
attachment on mineral surfaces compared to pure cultures.

[2,41,51]

Adaptation Adaptation of cells to the specific minerals affects the amount of
extracellular proteins produced and flotation performance. [31,46]

Growth phase Growth phase affects surface chemistry of microorganisms. [24]

Dead/alive cells Disrupted cells can have a negative effect on flotation. Physical
removal may be necessary. [89]

Mineral type
Selective microbial attachment on various mineral surfaces and
uneven distribution of EPS on the particle surface.
Microorganisms are present in large numbers in the ores.

[2,22,23,56]

Intake water Different natural waters have different bacterial amounts and
communities. Treated effluents have been used in some mines. [21,76,77]

Previously, bioflotation enhancing the selective separation of minerals has been studied in
laboratory scale. Bioleaching to dissolve metals and bio-oxidation to pretreat gold-containing minerals
have been utilized commercially for decades. In contrast, there is limited scientific literature about
microorganisms that naturally prevail and dominate in minerals processing applications in a wide
range of pH levels.

Various microorganisms enter the flotation process from the ore, intake water, and recycled water.
Minerals of the ore, flotation chemicals, nitrogen from explosives, and suitable temperature can support
the growth of these microorganisms. The microorganisms can have a significant effect on flotation
efficiency, even though this phenomenon is poorly understood [21].

Since there are clear gaps in the current knowledge on naturally occurring microorganisms
on flotation, there is a need to investigate this phenomenon more. In addition, the information of
microorganisms needs to be combined with water quality data of the mine [37]. Almost all studies on
flotation have focused solely on chemical and physical parameters. For example, suspended solids
levels have shown a negative impact on flotation [14]. When the solids are removed, also a significant
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amount of microorganisms attached on the surface of particles are removed. We need to identify and
better understand what the effects of solids, and the effect of microorganisms attached to the solids, are.
Therefore, microbiological surveys are needed together with chemical and physical surveys at the mine
sites. Many existing and commercial microbial detection techniques may not be applicable in the harsh
mining environments, and also microbial detection methods need improvement for easier analytics.

Often, single strains of bacteria have been used in the experiments with synthetic water, although
the real water–microbe systems are more complex [21]. The studies on bioflotation and bioflocculation
have generally not been done using actual ore samples and microorganisms from ore deposits [1]. As a
result, the observations done in the laboratory environments are not necessarily representative and can
vary significantly from the ones in the real plant operations. We clearly need real data from actual
mining and flotation environments to understand the effect of naturally occurring microorganisms
on flotation. In addition, advances in genomics and proteomics, offer possibilities to describe not
only which microorganisms are present, but also what physiological functions are being exercised.
This potential provided by molecular biology methods should be exploited in addition to monitoring
microbial behavior, also to optimize conditions for more appropriate flotation.

6. Conclusions

Microbial cultures may have positive, neutral, or negative impacts on flotation. Already in
conventional flotation, various complex interactions take place between dissolved reagents, colloidal
species, solid–liquid–gas interfaces, and microorganisms. Closing the water loop is expected to further
accumulate the microbes in flotation and to increase the complexity of the interactions. Flotation
conditions can support the growth of various microorganisms. Naturally occurring mixed cultures
in the process water may have very different effects on flotation compared to the studies done in
laboratory environment with microbial pure cultures. Microbiological surveys are needed together
with chemical surveys at the actual mine sites. The knowledge about the amounts and diversity
of microorganisms in addition to chemical analytics and process performance data is necessary to
understand the effects of microorganisms on the flotation performance. To be able to manage the
flotation process optimally interdisciplinary approaches, including metagenomic and metaproteomic
methods combined with mineral and chemical expertise, are needed in the future.
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