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The use of EPS-producing heterotrophic and chehmibphic bacteria in bioflotation
processes have been investigated for the last weadis. These studies have mostly
been confined to laboratory microflotation testsiggpure cultures. In this study the use
of EPS, extracted from bioleaching consortia, tafflchalcopyrite was evaluated and key
process parameters such as pH, flotation time lmmddncentration of collector, bacterial
cells and EPS were optimized. Analyses of the ERBacted from various bioleach
systems indicated that the EPS consisted mainlgadfohydrates, proteins and uronic
acids. Microflotation tests using free EPS yieldeahalcopyrite recovery of 77 % when
chalcopyrite was floated alone and 70 % during sbparation of a mixture of pure
chalcopyrite and pure pyrite compared to 32 % wheimg SIBX only. The results
obtained suggested that the flotation of chalcaeyeould be significantly increased in

the presence of EPS extracted from bioleaching lptipus.
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1. INTRODUCTION
The growing world demand for raw minerals has tethe increased exploitation of low
grade-sulfide ores, necessitating processing ofs omdth complex mineralogy,
particularly for base metals. This in combinatioithmthe more rigorous specifications
for production of concentrates, stricter environtaéregislation and a necessity to
achieve lower operating costs has led to numenousstigations aimed at finding better
processing techniques and more effective flotatieagents. Conventional flotation
methods use highly selective inorganic modifiershsas cyanides, sulfides and ferro-
cyanides, and their use has raised concern witlirdeg environmental issues (Bradshaw

etal., 1998).

The use of microorganisms in mineral beneficiatias been elucidated with recent
developments in biotechnology. Bioflotation is osech developing technology for
processing ores. During bioflotation, microorgarssrand associated extracellular
metabolic products are used to selectively sepagatggue ores (Deo and Natarajan,
1997) and have been reported as friendly modifimslectors and depressants (Santhiya
et al., 2000, 2001; Patra and Natarajan, 2003, 20046,2P008; Chandraprablea al.,
2004, 2005; Chandraprabha and Natarajan, 2006; dheb Natarajan, 1998). These
microorganisms may act as bioreagents and indudeopliobic properties once they
have adhered to the mineral surfaces (Bogtra., 2008; Sharma and Rao, 2002). The
precence of functional non- polar groups such afdoarbon chains and polar groups
(carboxyl, hydroxyl, phosphates) at the microbialwar surface or metabolic products

can either directly or indirectly modify the minksairfaces, lending the microbial culture



similar characteristics of surfactant molecules.e Ttirect mechanism involves the
adhesion of cells to mineral particles. The inctirenechanism refers to biological
reagents such as secreted metabolites and EP§ astsurface-active reagents (Sharma
and Rao, 1999) or to soluble fractions of the nocganisms derived from their rupture

(Schneideet al., 1994; Raichuet al., 1997).

Numerous laboratory studies have demonstrated ithist possible to use microbial
species as flotation reagents in selective separaiihe selective flotation or depression
of sulphides and oxides has been studied with i@tyanf microbes (e.gViycobacterium
phlei, Paenibacillus polymyxa, Rodococcus opacus) and bioleaching bacteria (e.g.
Acidithiobacillus ferrooxidans, Acidithiobacillus thiooxidans, Leptospirillium
ferrooxidans) (Raichuret al 1996, Zhenget al 1998, Deo and Natarjan, 1998, de
Mesquitaet al 2003, Patra and Natarajan, 2008, Bottral 2008, Chandraprablea al
2004, 2005, Yuceet al 2006, Hosseiniet al., 2005, Kolahdoozaret al 2004,

Chandraprabha and Natarajan 2006, Santtigh, 2001, Vilinska and Rao, 2008).

Of particular interest are bioleaching bacteriaid@ghilic metal sulphide oxidizing
species, which are already used in commercial bidrngetallurgical processes. These
bacteria selectively attach to sulphide surfacesnifogy a biofilm or an EPS layer.
Compared to conventional inorganic reagents, bacteare non- toxic and
environmentally benign, potentially providing arteahative to conventional flotation

methods.



Studies showed that the use of xanthate in thatitwt of pyrite could be greatly reduced
by prior application ofA. ferrooxidans whereas the effect on chalcopyrite was found to
be marginal (Vilinska and Rao, 2008).ferrooxidans cells, which have a natural affinity
for sulphide minerals, mostly pyrite, can thereforeused for selective separation of
chalcopyrite from pyrite. The majority of studiasing bioleaching bacteria and their
derived products have concentrated é&n ferrooxidans, A. thiooxidans and L.
ferrooxidans. To our current knowledge and understanding th® &Btained from mixed
bacterial consortia used in bioleaching operatiogrge not been investigated for use in

bioflotation.

The aim of this study was to investigate the agpilbn of mixed bioleaching consortia
and their EPS as bioflotation reagents. The maijectives were (i) optimisation of
operating parameters such as pH, flotation timdlector, EPS and bacterial cell
concentration and (ii) evaluation of the efficienalybioleaching bacteria and the EPS

produced as bioflotation agents.

2. EXPERIMENTAL
2.1. Mineral samples
Pure mineral samples of chalcopyrite (Cufje&ere obtained from Gregory, Bottley &
Lloyd, UK The chemical compositions of the chalcogyand pyrite used during the
microflotation tests are presented in Table 1. Bedimples were milled finer and a

particle size of gh- 75um was utilised for all experiments.



Table 1: Chemical characterisation of the pyrite and chal copyrite samples used during

the microflotation tests

Element Al S Ca Cr Fe Co Cu Pb
(Mass %)

Pyrite 0.23| 0.51] 0.058 <0.05 47,3 011 0.13 0.090
Chalcopyrite] <0.05| <0.05| 0.08¢0 0.48 31.1 <0.05 371 <0j05

2.2. Bacterial cdl isolation and EPS extraction

Bioleach pulp samples used during cell isolatiod BRS extraction were obtained from

several continuously operated bioleaching systérhsse reactors were maintained on

various sulphide concentrates. The operating camditand composition of the microbial

consortia are summarised in Table 2.

Table 2: List of bioleaching reactors from which bacterial cells with bound EPS were

isolated and free EPS extracted.
Operating Conditions Sulphide Culture Composition of the
(at steady state) concentrate Microbial Population
T pH ORP
(°O) (mV)
37 | 155 645 Sphalerite Mesophiles| Acidithiobacillus caldus
35 | 1.40 670 Pyrite Mesophiles Leptosprilliumsp
Sulfobacillus sp
45 1.60 615 Sphalerite Moderate | Acidithiobacillus caldus
thermophiles Leptosprillium sp
45 1.50 674 Chalcopyrite-pyrite Moderate Sulfobacillus sp
thermophiles Ferroplasma sp
70 1.64 635 Chalcopyrite-pyrite Extreme Acidianus sp
thermophiles Metallosphaera sp
Sulfolobus sp




The samples were allowed to stand for an hourltovahe solids to settle. The solid free
liquor was centrifuged (6000 rpm, 4°C, 20 min) &mel cell pellet re-suspended in 50 ml
of nutrient solution (1g/l (NH450, 0.1g/l KCI, 0.5g/I MgSQ7H,O and 0.5g/I
K,HPQO,) before a cell count was performed using a Neubaat counting chamber
under a microscope. All analytical grade chemicaksgents used were obtained from
Merck, South Africa. It should be noted that unlegberwise stated all microbial

isolations were conducted in duplicate.

The supernatant obtained during the isolation otds&@l cells with the bound EPS was
used for the extraction of only the free EPS founthe bioleach pulp. Cold ethanol (2.2
X volume of supernatant) was added to precipithie EPS (4°C, 2 hours). The
precipitated EPS was collected by centrifugatiodO@Brpm, 4°C, 20 min) and the EPS
pellet was dried overnight at 40°C. The dry weighthe EPS was determined before it
was biochemically characterised for the presenceadfohydrates, proteins, uronic and

humic acids. All EPS extractions were conducteduplicate.

2.3. Biochemical characterisation of the EPS

The biochemical composition of the free EPS onlyg watermined using the following
described methods. The Bradford assay was useetéongine the protein content, using
bovine serum albumin as standard (Bradford, 197@) tae total carbohydrate content
was measured using the phenol-sulphuric assay gliitose (Merck, South Africa) as
the standard (Fox and Robyt, 1990). The uronic asghy was used to determine the

uronic acid content with glucuronic acid (Sigma #dtl, South Africa) as a standard.



(Mojica et al., 2007) and the humic acid content was measured lsimic acid (Sigma
Aldrich, South Africa) as the standard (Frolugichl., 1995). All samples were analyzed

using the NanoDrop 1000 Spectrophotometer.

2.4. Optimisation of process parametersfor microflotation tests

During the process optimisation tests all experitqevere carried out using a modified
Hallimond tube (Fuerstenaa al., 1957) by passing nitrogen gas at a flow rat@Qg
ml/min for 2 min, at pH 4 unless otherwise statédr each flotation test 1g of
chalcopyrite was used and the floated chalcopyvas collected, dried and weighed to

determine the percentage chalcopyrite floated.

2.4.1. Collector concentration

Industrial grade sodium isobutyl xanthate (SIBXsw&ed as a collector for chalcopyrite
flotation. The effect of various SIBX concentraiomanging from 0.5 x I to 5 x 10°

M, on the flotation of chalcopyrite was investigaten the absence of bacterial cells and

EPS.

2.4.2. Bacterial cell concentration
A series of tests were conducted on pure chalcepyo determine the optimal cell
concentration to be used during microflotation desthe final cell concentrations

evaluated ranged from 1 x %@ 1 x 18 cells/g chalcopyrite.



2.4.3. EPSconcentration

During the optimisation of the free EPS concerratiequired for optimal flotation of
chalcopyrite, dried EPS was re-dissolved in,@Hand the final EPS concentrations
evaluated were 1.7 x $08.6 x 10°, 1.7 x 1(%, 3.5 x 107, 6.9 x 107, 1.7 x 10" and 3.1 x

10" mg/g chalcopyrite.

2.4.4. Flotation time

A series of microflotation tests were conductechgsl g of pure chalcopyrite and the
optimised SIBX concentration to determine the optiffotation time of chalcopyrite. It

should be noted that no EPS or bacterial cells vestded and the flotation times

evaluated varied from 1 to 60 min.

2.45. pH

To determine the effect of pH on chalcopyrite remgy a series of tests were conducted
using bacterial cells (1 x f@ells/g chalcopyrite), EPS (3.45 x4 éng/g chalcopyrite )
and SIBX (1 x 10 M) at a fixed flotation time of 20 min with the phiaintained at

either pH 4 or pH 9.



2.5. Microflotation tests at optimised conditions using bioleaching cultures and EPS
extracted from variousreactor systems

All microflotation tests were carried out using adified Hallimond tube as described
for the previous tests. The optimised process petens determined in section 2.4 were
used for all tests. Prior to flotation, 1 g oktmineral sampled§, = 75um) was
conditioned for 20 min in the presence of EPS (%452 mg/g chalcopyrite) or bacterial
cells (1 x 168 cells/g chalcopyrite). Prior to collector addititte pH was adjusted to the
required pH of 9 by the addition of NaOH. The malesample together with the EPS or
bacterial cells was conditioned in the presencthefcollector (1 x 18 M SIBX) for 5
min. The floated and tailings samples were colkceparately, filtered, dried, weighed
and the recovery calculated. The floated residum® wubsequently analysed using ICP
analysis for further confirmation of the recovery ohalcopyrite. All flotation

experiments were conducted in duplicate unlesswthe stated.

3. RESULTSAND DISCUSSION

3.1. Processoptimisation

During process optimisation free EPS and cells ainimg bound EPS were extracted
from a continuously operated pyrite reactor (45. 1Gporatory microflotation tests were

conducted in a Hallimond tube and the various meqmrameters such as the flotation
time, pH, collector, bacterial cell and EPS coniaidan were optimised. These optimised
conditions were used in subsequent studies to ateathe use of free EPS and bacterial
cells containing bound EPS, from various bioleagtsystems, as potential bioflotation

agents.



3.1.1. Biochemical characterisation of the free EPS

The free EPS obtained after ethanol precipitati@s Wwiochemically characterised and
found to consist of carbohydrates (79 %), protéi® %), uronic acids (0.68 %) and

humic acids (0.23 %). Of the total dry mass obthidaring ethanol precipitation, 70 %

of the mass obtained could be accounted for byableye mentioned constituents. The
unaccounted constituents (30 %) could be attribtadipids, DNA and even metal ions,

such as Fe which are known to be present in EPS.

3.2. Optimisation of the microflotation tests

3.2.1. Collector concentration

The results in Figure 1A indicated that by incragghe SIBX concentration from 0.5 x
10° M to 1 x 10° M, the chalcopyrite recovery could be increaseunf7.5 to 10 %.
However at collector dosages above 1 ¥ M SIBX, the recovery decreased reaching
5.5 % at the highest SIBX concentration of 5 ¥ M. This decrease could occur as a
result of hemi-micelle formation. Collectors of type CH(CH,)n-2CH,-P, whereP is a
polar group anah is the number of carbon atoms in the straightlatkwin, will induce
flotation of an appropriate mineral at a lower camcation as increases and has been
reported for such systems as xanthates on sulfgtesasundaran and Fuerstenau, 2008).
The results from this study indicated that theroptn SIBX concentration to be used to

obtain maximum flotation and to minimise micell@rfation was 1 x 10M SIBX.
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3.2.2. Bacterial cell concentration

Figure 1B indicated that addition of lower bactecancentrations i.e. 1 x $@nd 1 x 16
cells/g chalcopyrite resulted in the best chalcpyrecovery with further increases in
cell concentration resulting in a decrease in recp¥rom ~16 to ~9 %. It was therefore

decided to use 1 x f@ells/g chalcopyrite in further experiments.

3.2.3. EPSconcentration

The results indicated that by increasing the ER®eatration from 1.7 x Idto 3.5 x
102 mg/g chalcopyrite, recovery could be increasednfrd7 to 39 % (Figure 1C).
However, further increases in EPS concentrationksahaegative effect on chalcopyrite
floatability. This decreased recovery could be asslt of the CuFeSparticles being
affected by the high viscosity from the excessasels of EPS in the solution (Et al.,
2008). The presence of excessive biopolymers caultri@ decreased flotation capability
as there would be insufficient free space for bAmers to attach to the particle surface.
The optimal EPS concentration to be used for clpgicte flotation under these operating

conditions was 3.5 x 1Omg/g.

3.2.4. Flotation time

Previous studies utilised pH 4 during microflotatitests using bacteria (Vilinska and
Rao, 1998), therefore during this study pH 4 wasduduring process optimisation.
Figure 1D indicated that at pH 4, with an increasdotation time, more chalcopyrite

could be recovered. At 20 min a maximum recover® 6% could be achieved compared

to the 9 % obtained at 2 min, however no significacrease was noted thereafter.

11



3.2.5. pH

Optimisation of the collector, bacterial cell andP$ concentrations as well as the
flotation time did not result in the high chalcopgrflotation recoveries as obtained in
literature (Vilinska and Rao, 2008: Patra and Ng#r, 2008). In order to obtain

chalcopyrite recoveries higher than 27 %, the pld imareased to pH 9, which is the pH
routinely used in larger flotation circuits whenings SIBX as collector, since xanthate
based collectors are more functional at higher Bradshawet al., 1998; Bradfordkt al.,

19980.

The results indicated (Figure 1E) that at pH 9hwit20 min flotation time and using the
optimised bacterial cell, EPS and SIBX concentregjdhigher recoveries of chalcopyrite
(35-58 %) could be obtained when compared to p#8432 %). The data also indicated
that when operating at optimal conditions, EPS aserefficient at chalcopyrite flotation
than either the bacterial cells or the collectarti®e optimal pH of 9, 58 % chalcopyrite
recovery could be obtained using free EPS (extdadtem a pyrite system) when

compared to the bacterial cells (41%) and SIBX ¢8R %).

12
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Figure 1:Process optimisation of microflotation operating parameters and the effect of
(A) SBX collector concentration (B) bacterial cell concentration (C) EPS concentration
(D) flotation time and (E) pH on the flotation of chalcopyrite. (The error bars represent

the standard deviation).
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3.3. Biochemical characterization of extracted free EPS from various bioleaching
systems

In section 3.1 the process parameters were optimiseng free EPS extracted from a
continuously operated (45 °C) pyrite bioleachingtegn. The optimised conditions as
described in the previous section i.e. the flotatime (20 min), pH (pH 9), collector
concentration (1x I0 M SIBX), bacterial cell concentration (1 x ®l@ells/ g
chalcopyrite) and EPS concentration ( 3.5 ¥ 19g/g chalcopyrite) were subsequently
used in further studies to evaluate the use of B8 and cells with bound EPS, from
bioleaching systems at various operating conditirable 2), as potential bioflotation

agents.

Biochemical characterisation of the EPS indicatest in all cases over 70 % of the dry
weight obtained could be attributed to EPS with 30~% of the mass unaccounted for.
The unknown constituents might be attributed palB, DNA and even metal ions which
are known to be present in EPS. The EPS was faumdrisist mainly of carbohydrates

and smaller amounts of protein with trace levelbwhic and uronic acids (Figure 2).

Figure 2 indicated that the free EPS extracted ftoensphalerite and pyrite systems at
35, 37 and 45 °C consisted of mainly carbohydréeer 80 %) with lower levels of
protein detected varying between 9 and 14 %. Alghotlne free EPS extracted from the
chalcopyrite systems at 45 and 70 °C consisted lynaincarbohydrates (over 60 %),
significantly higher amounts of protein were re@atdwith the highest protein level of

36 % detected in the extreme thermophile system.
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The carbohydrate : protein ratio (C:N) of the EP&ied significantly between the
chalcopyrite and the pyrite and sphalerite systerhe. free EPS extracted from pyrite
and sphalerite systems showed C:N ratios of 6.6 @3pyrite), 6.1 (37 °C sphalerite) and
9.7 (45°C sphalerite) whilst the chalcopyrite syss had lower C : N ratios of 2 (45 °C)

and 1.7 (70 °C).

The results obtained were contrary to publishestdiure that indicated the EPS from
bioleaching bacteria’A( ferrooxidans and L. ferrooxidans) consisted mainly of neutral
sugars and lipids ( Gehrkat al., 1998; 2001, Rohwerdest al., 2003, Harneitt al.,
2006). This difference could be a result of thevimes studies isolating EPS from pure
mesophile cultures grown in the presence of pysiphur or ferrous sulphate, while the
EPS in this study was extracted from mixed cultyreesophile, moderate thermophiles
and extreme thermophiles) growing on various mineesources such as pyrite,
sphalerite and chalcopyrite. From the results akthiin this study it could be suggested
that the free EPS obtained from microbes growingloacopyrite have a higher affinity

for chalcopyrite during microflotation comparedtbhe EPS extracted from other systems.

15
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Figure 2: Biochemical characterisation of the EPS constituents obtained from the

various bioleaching reactors. (The error bars represent the standard deviation).

3.4. Microflotation tests comparing bacterial cells with bound EPS and free
extracted EPS as bioflotation agents

The results indicated that bacterial cells contajnbound EPS was not efficient at
chalcopyrite flotation with chalcopyrite recoverie$ between 32 — 43 % obtained
(Figure 3). These results are unexpected when cadpea other studies which indicated
that bacteria growing on a chalcopyrite rich coticga would be better adapted and

suited for the flotation of CuFg$Patra and Natarajan, 2008).
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Figure 3: Comparison of the efficiency of using bacterial cells with bound EPS or free

EPSas a hioflotation reagent. (The error bars represent the standard deviation).

Figure 3 indicated that using the free EPS exttadtem the chalcopyrite systems
resulted in higher chalcopyrite recoveries of 66 %5 °C ) and 77 % (70 °C) when
compared to the EPS extracted from the systemsatgukiat lower temperature with
pyrite and sphalerite. The Cuka®coveries of 66 % and 77 % obtained during this
study were within the range of 60- 80 % obtaingdther researchers (Chandraprabha
et al., 2004; 2005, Kolahdoozaat al., 2004, Hosseingt al., 2005, Chandraprabha and
Natarajan, 2006, Yucet al., 2006). However during this study we used a cdnso of
bacteria operating at temperatures ranging bet@&en70 °C whereas those published

reports utilised pure mesophilic cultures.

Figure 2 indicated that the EPS isolated from 48 &0 °C chalcopyrite systems
consisted mainly of carbohydrates, but containgtidri amounts of proteins, uronic acids

and carbohydrate: protein ratios when comparethdofree EPS extracted from other
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systems evaluated. The carbohydrate to proteio hats been shown to have important
implications in bioflotation. The metabolically seted proteins in EPS have been known
to induce hydrophobocity on various minerals whilpblysaccharides confer

hydrophilicity on others (Vilinska and Rao, 2008roteins essentially serve as a
hydrophobic agent with higher surface hydrophotyoand lower surface charge are
related to higher dispersion and flotation tendemcrherefore, in a flotation process,
proteins can aid in the selective separation optsde minerals such as pyrite and

chalcopyrite (Patra and Natarajan, 2004).

Uronic acids are considered to be replicate unitsaoidic polysaccharides or
mucopolysaccharides and is a constituent in bigfiind in bacterial aggregation (Mojica
et al., 2007). Studies have indicated a good correldbetaveen concentration of uronic
acid concentration and high protein levels withréased flocculation and flotation
activity (Punalet al., 2003). From this study it is suggested that EB&aining higher

amount of proteins and acidic polysaccharides t@stligher recoveries of chalcopyrite.

As the results for the flotation of chalcopyritangsfree EPS extracted from the 70 °C
chalcopyrite system looked most promising, the @rpent was repeated in triplicate,
using a mixture of pure chalcopyrite and pure pyf(itratio of 1:1). The biochemical
analysis of all the EPS fractions were similar hose previously obtained (Figure 2).
The microflotation results using these EPS fradtiordicated that recoveries of 65, 71
and 73 % could be obtained. The floated chalcopyhiaictions from the triplicate

experiments were pooled and yielded an averageaaiite recovery of 70 % based on
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dry mass calculations. In order to confirm thessults the pooled fractions were
analysed using ICP. The ICP analysis indicated @afo of the floated fraction was
chalcopyrite which is comparable to the 70 % ol#dirwhen based on dry mass
calculations.

4. SUMMARY AND CONCLUSIONS
Many of the bioflotation studies concerning bioleag bacteria and their EPS as
potential flotation bioreagents used pure culturesyever, during this study the effect of
mixed microbial cultures and free EPS extractedhflmoleaching systems, operating at
temperatures varying between 35 and 70 °C usinigepwphalerite and chalcopyrite, on
the floatability of chalcopyrite was determined. yKprocess parameters such as the
collector concentration, bacterial cell concentmatiEPS concentration, flotation time
and pH were optimized. The results from the testkwadicated that free EPS was more
efficient as a flotation agent than the cells viottund EPS. Biochemical analysis of the
free EPS extracted from these bioleach systemgated that the EPS consisted mainly
of carbohydrates, proteins and uronic acids. Theilt® indicated that chalcopyrite
recoveries of 77 % (chalcopyrite floated alone) &0d% (separation of chalcopyrite
from pyrite) could be achieved using EPS extraftech a thermophile culture grown on
chalcopyrite. This study, to our knowledge, is finst to successfully demonstrate on a
laboratory scale the potential use of free EPSyraetéd from mixed bioleaching
microbial consortia, as a possible flotation aghming bioflotation of sulphide minerals.

Future work will include demonstration of the pres®n a larger-scale.
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