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Abstract: Bacillus cereus is used to enhance the gold floatability in the presence of potassium butyl
xanthate (PBX) as a collector and pine oil as a frother. The effect of bacteria interaction on the gold and
quartz behavior as the main components of the gold ore was investigated using zeta-potential, contact
angle, SEM, and FTIR measurements. The effect of pH, contact time, temperature, and concentration
of xanthate, pine oil, and Bacillus cereus on the floatability of the gold and quartz was investigated. The
zeta-potential of gold is strongly affected by Bacillus cereus interaction, while the maximum floatability
is achieved at neutral pH. A concentrate of 10612 g/t gold with 95% recovery is obtained from a binary
mixture contains 500 g/t gold in the presence of 1x108Bacillus cereus cells, 510~ M potassium butyl
xanthate and 5x10~3 M pine oil at pH 7 and 35°C for 10 min.
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1. Introduction

Gold element has special characteristics such as lustrous color and high resistance. It is
used in jewelry, electronic circuits, and medical applications due to its unique physical and
chemical properties [1]. Gold has been used in the electronic industries due to its higher
electrical conductivity and corrosion resistance. Gold occurs in nature as metal or as alloys
with other metals. It is usually associated with quartz or pyrite minerals. It is a rare element
with a concentration of 0.005 g/t of the earth’s crust. The low-grade deposits contain 3 and 6
g/t, so it is challenging to meet the commercial grade (3000-4000 g/t). Usually, gold is
concentrated in its ores using gravity, flotation, or cyanidation techniques, while refining is
carried out by electrolysis [2, 3].

Although the flotation technique is widely applied for the gold enrichment in the gold-
bearing mineral ores, there is no enough research for the flotation of gold-bearing ores.
Flotation is essential to processing the low-grade gold ore and removing the undesired
impurities before the next extraction process. It is also used for treating complex gold ores such
as refractory and metallic ores. Except for the gravity separation technique, flotation is a cost-
effective method for gold ore processing. However, gold flotation has many problems
depending on the ore's composition [4, 5].
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Nowadays, biological processing routes are sought to solve the problems associated
with lean grade ores. The traditional methods fail to separate the minerals from complex ores.
Bio-beneficiation refers to the selective removal of undesirable mineral constituents from ore
by utilizing microorganisms as surface modifiers, depressants, collectors, or dispersing agents
to enhance the separation of one mineral from another either by flotation or flocculation [6-8],
thus enriching it concerning the desired valuable minerals. Bio-beneficiation processes are
relatively new and are under intense investigation in recent years. Most of the studies are so far
confined to the laboratory [9-11]. Since the bacteria adhere to a mineral surface within a few
minutes and alter the surface properties essential in mineral beneficiation techniques, the
microorganisms have numerous applications in the flotation and flocculation processes. The
behavior of bacterial cells on the mineral surface is the basis for successfully bio-beneficiation
process. The selective bacterial adhesion on the mineral surface is important for selective
surface modification, which leads to efficient separation [12].

This work investigates Bacillus cereus's behavior as a surface modifier for gold to
enhance its floatability and thus its separation from its synthetic mixture with quartz.

2. Materials and Methods
2.1. Materials

Two pure gold samples were delivered from “Alfa-Easer” Company, UK. The first
sample of less than 0.149 mm particle size (99.998%) was employed in flotation experiments,
while the second is less than 0.074 mm (spherical, 99.9%) was used for surface behavior
investigation. The pure quartz sample of 0.149 mm particle size was supplied by the Egyptian
Mineral Resources Authority (EMRA). Analytical grade NaOH, HCI, and HNO3 were used in
this study. Potassium butyl xanthate (PBX), was used as a flotation collector. All chemicals are
supplied by Sigma-Aldrich, Germany. Pure Pine oil of chemical grade is supplied by EI-Nasr
Chemical Company and Guangzhou chemicals Co., Ltd.Freshly prepared nutrient broth/ agar
was used for cultivation of bacterial strains.

2.2. Methods
2.2.1. Bacterial isolation

Bacillus cereus is isolated, purified by streaking on nutrient agar plates, then transferred
to nutrient agar slopes stored at 4°C and sub-cultured monthly. The nutrient agar was used for
the cultivation of bacterial strains. The counting of the bacterial cells was carried out using a
hemocytometer [10].

2.2.2. Measurements

A laser Zeta Meter ‘Malvern Instruments Model Zeta Sizer NAno ZS’ was used for
zeta potential measurements. A 0.05 g of a solid sample is placed in 50 ml 102 M NacCl
solution. A definite amount of the bacteria is added, and then it is conditioned for 60 minutes
at definite pH. The contact angle measurements for the pure gold and quartz before and after
conditioning with different bacteria concentration were carried out using Contact Angle meter
Model Drop-Master DM-701 at room temperature (25°C). All measurements were performed
three times and averaged as a confirmed result.
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The morphology and structural formation were determined using a scanning electron
microscope (SEM) model JEOLJSM-5400, Japan. For FTIR analysis, the spectrum is obtained
with KBr pellets prepared with solid sample and analytical grade KBr from Merck. The FTIR
spectrum was obtained with a Spectrum 2000 Perkin Elmer spectrometer of 4000 and 400 cm™
range.

The gold was determined in the binary mixture and concentrates using “Rigaku super
Mini 200 X-ray fluorescence. The sample was pressed into a pellet by mixing the sample with
Boreox BM-0008 binder, and the mixture was subjected to 20-ton press using “Fluxana PR-
25N” for 20 Sec.

2.2.3. Flotation experiments

A bench-scale flotation experiment was carried out using a flotation column with 100
ml capacity. One gram of solid was conditioned using definite conditions of pH, bacterial
concentration/PBX, and conditioning time. The flotation was conducted for 5 minutes at an air
follow the rate of 0.65 cm®/min. Both floated and sank fractions were collected, dried,
weighted, and chemically analyzed. All flotation experiments, whether pure gold and quartz or
their mixture, were carried out three times and averaged as a confirmed result.

3. Results and Discussion

3.1. Surface characteristic of pure gold and quartz
3.1.1. Zeta potential and contact angle

Fig. 1. shows that the isoelectric point for quartz is located at pH 2.1. The quartz as an
oxide mineral forms a hydroxylated surface when it is in contact with water vapor. The
adsorption of H* onto the hydroxylated quartz surface compresses the diffuse electrical double
layer. Therefore, the zeta potential of quartz becomes more positive. On the contrary, OH's
adsorption onto the hydroxylated surface would increase the thickness of the diffuse electrical
double layer [13]. The gold particles have a negative charge at all pH range. The Zeta potential
of the gold depends on pH, indicating that both H" and OH~ are potentially determining ions.
The results showed that the electronegativity of zeta potential increases gradually with
increasing the pH. The IEP of the gold was not determined. It was reported that the isoelectric
point of gold in chloride media is around pH 2 and suggested that the OH" ions are adsorbed
at the inert surface [14].

Bacillus cereus is positively charged at pH 2 with an isoelectric point at pH 2.25, which
agrees with the reported IEP of 2.5. The zeta potential of bacterial isolates alone was performed.
It explained that the bacterial cell charge originates from dissociation or protonation of
carboxyl and amino groups and consequently depends on pH. At higher pH, it becomes
progressively negatively charged due to proton dissociation [15].

The gold surface is strongly affected due to bacterial interaction, and its IEP became
2.1 rather than 1.5. On the other hand, there is no significant change in quartz minerals' zeta
potential after treatment. Although both bacteria and the mineral surfaces are negatively
charged, the adhesion is based on the bacteria's surface heterogeneity with a polysaccharide
envelope. It also includes hydroxyl, hydrophobic and ionic moieties. The flexible fimbriae
regulate the surface charge. The dissolving ions from the mineral alter the bacteria's surface
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charge to reduce repulsion [6]. The hydrogen bonding and chemical interaction also play
significant roles in bacterial interaction with single minerals [16].

The contact angle characterizes the surface properties related to the flotation. The
greater the contact angle, the greater is the work of adhesion between the particle and bubble,
and the more resilient the system is against disruptive forces [17]. Fig. 2 shows the contact
angle of the gold and quartz before and after treatment with Bacillus cereus. The contact angle
of quartz surface is decreased from 28.9° to 9.6° with increasing bacteria concentration up to
5x108 cells/ml. The contact angle of gold is slightly decreased with increasing bacteria
concentration.
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Figure 2. Contact angle of pure gold and quartz and their treated forms with Bacillus cereus.

3.1.2. FTIR of gold, quartz, and Bacillus cereus

The FTIR of bacteria usually includes the O—H, C—C, CH2, C-0O, C-N, and C=0 bands
for polysaccharides and lipids (protein) [18]. The main characteristic peaks for Bacillus cereus
are located in the range from 425-874 cm~! and 1637 cm~ which belongs to C=0 of amide
group and of O—C=0 carboxylic groups, 2075 cm~! for stretch C—H, C—Hz and C—Hz of alkyl
groups, with stretching vibration bands of O—H and N-H at 2823-3719 cm™2, Fig.3 [19].

FTIR of the pure quartz exhibited the characteristic bands associated with quartz
crystals in 400-1200 cm™, Fig. 3A. It includes the peak at 695 cm™ which is due to the
octahedral site bending symmetry of Si—O vibration group. It is characteristic of crystalline
quartz. The tetrahedral silicate ion vibrations band is located at around 784 cm™. The bands
around 1080 cm are due to the silicon-oxygen stretching vibrations. The absorption bands
https://biointerfaceresearch.com/ 13008
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located at 440-650 cm* and 1885 cm ™ involve atomic motions within the SiO4 tetrahedra. As
a result of Bacillus cereus interaction, there is no significant change in the quartz spectrum. It
is believed that there is no interaction between Bacillus cereus and the quartz surface [20].

The FTIR spectrum of the pure gold includes a broad band at 3486-3668 cm™! due to
stretching of O—H which may be adsorbed on the gold surface. The spectrum of the treated
gold with Bacillus cereus showed new functional groups, Fig. 3B. The bands are located at
1076, 1247, 1383, 1532 and 1648 cm~! which belongs to C=0 of the amide group and O—-C=0
of the carboxylic group. Also, stretch vibration band of O—H and N—H at 3417-3441 cm* and
3794 cmL. The stretching peak of C—H, C—H2, and C—Hz of alkyl groups are shifted to 2853-
2922 cm™! [21]. It indicated the role of hydrogen bonding and chemical interaction. Result in
significant surface chemical changes, not only on the cell surfaces but also on the gold [22]. It
also proved that the type of adsorption that occurred is mainly chemical adsorption, making
the gold surface more hydrophobic than that of the quartz.
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Figure 3. FTIR spectra of pure gold and quartz and their treated forms with Bacillus cereus.
3.1.3. SEM images of gold, quartz, and Bacillus cereus

Fig. 4 shows the Scanning Electron Microscope images for the pure quartz (A) and its
treated form with Bacillus cereus (B). It is clear that there is no detected Bacillus cereus on the
quartz surface. However, there is no significant change in the quartz surface after interaction
with Bacillus cereus. On the other hand, Fig. 5 shows significant adsorption of Bacillus cereus
on the gold surface. The gold surface is covered with condensed bio-film of both bacterial cells
and biological metabolite. The results also showed the presence of nitrogen, oxygen, and
carbon elements on the gold surface. This is due to the biofilm formation of bacteria onto the
gold surface. It is proved the significant change in gold surface behavior, such as in the zeta-
potential measurements and thus its floatability [23].
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Figure 5. SEM images of pure gold (A) and after treatment with Bacillus cereus (B).
3.2. Floatability of pure gold and quartz

3.2.1. Effect of pine oil

It was reported that the gold exhibited 53% floatability while quartz cannot be float
without any flotation reagents [24]. Pine oil was used as a frother in this study. Fig. 5 shows
the floatability of pure gold metal and quartz minerals as a pine oil concentration function at
pH 7. The pine oil increases the floatability of both gold and quartz due to its oleophilic
character. Although the gold is naturally floating, pine oil enhanced its floatability to reach
complete flotation at 102 M of pine oil. Increasing gold recovery as the concentration of pine
oil increased due to the increase of bubble production. On the other hand, quartz is not floating.
Increasing the pine oil leads the excess bubble formation; hence hydrophilic quartz particles
are lifted with a gas bubble [24]. The quartz is floated to reach 89.5% at 8x10-2 M pine oil.
The maximum floatability difference (= 84%) is achieved at 5x10~2 M pine oil.

3.2.2. Effect of potassium butyl xanthate

Fig. 6. shows the floatability of pure gold and quartz as a function of potassium butyl
xanthate (PBX) concentration as a selective collector in the presence of 1x10-2 M pine oil. It
Is stated that the xanthates are absorbed on the surface of the minerals due to chemical reactions
between the polar group and the surface, strongly hydrophobic insoluble metal xanthates being
formed [25]. The floatability of quartz is slightly increased up to 11.6% at 8x10-2 M then it is
decreased to 7.8%. The maximum floatability difference (~ 85%) is achieved at 510~ M PBX.

Floatability of gold metal increases as PBX concentration increases to 95.9% at 0.01 M
PBX then decreased to 84.5% at 0.05 M PBX. The flotation recovery is increased as the PBX
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concentration increases because the PBX acts as a surfactant that increases the hydrophobic
characteristic of the solid particles. The xanthate is chemisorbed on the gold surface at a
potential which the xanthate can oxidize to dixanthogen as follow: [26]

ROCS2™ = (ROCS) ads. + e~
2 ROCS: ads. = (ROCS»):2
Where R denotes an alkyl chain.
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Figure 5. Effect of pine oil concentration on the floatability of pure gold and quartz particles.
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Figure 6. Effect of potassium butyl xanthate concentration on the floatability of pure gold and quartz particles.

3.2.3. Effect of Bacillus cereus

Fig. 7 shows the effect of Bacillus cereus concentration (cell count) on the floatability
of pure gold and quartz in the presence of 1x10-2 M pine oil at pH 7. Bacillus cereus increases
the floatability of both gold and quartz. The gold presented its higher floatability (= 99%) in
the presence of low bacterial concentration (1.5x108 cells), while quartz showed its maximum
floatability (=~ 99%) at a higher bacteria concentration (3.75x108 cells). The maximum
floatability difference (~ 84 %) is achieved in the presence of 1x108 bacteria cells. At which
the floatability of gold is 94%, while it is only 9.7% for quartz. These results agree with zeta
potential, contact angle, FTIR, and SEM measurements, which showed the adsorption of

https://biointerfaceresearch.com/ 13011


https://doi.org/10.33263/BRIAC115.1300513018
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC115.1300513018

bacteria on the gold surface and the strong effect of bacterial interaction with gold. It is
suggested that the attachment and agglomeration of bacterial cells to solid surfaces provide a
stable growth environment for the cells and enhances catalytic functions through the
localization of cells into biofilms. The excretion of an extracellular polymeric substance
composed of macromolecules as polysaccharides, proteins, and lipids promotes biofilms'
development on mineral surfaces. It is suggested that a Hydrogen bond is formed between
bacteria and mineral surface as a result of the presence of (OH") groups of polysaccharide of
metabolite. The charge and spacing between them control the biomolecules' interaction with
the solid surfaces [27].
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Figure 7. Effect of Bacillus cereus concentration on the floatability of pure gold and quartz particles.

3.2.4. The dual effect of Bacillus cereus and potassium butyl xanthate

The floatability of gold and quartz in the presence of 5x10-% M potassium butyl xanthate
and 1x10-3 M pine oil as a function of Bacillus cereus concentration is presented in Fig. 8. For
conditioning with xanthate followed by Bacillus cereus, the floatability of gold and quartz
increases with increasing bacteria concentration. The maximum floatability difference (~ 85
%) is achieved in the presence of 1x108 of bacteria cells. At which the floatability of gold is
about 91% while it is only 6% for quartz.

Although the floatability of gold and quartz by conditioning with xanthate first is more
than that of conditioning with Bacillus cereus first, the separation efficiency is better. This is
due to the higher amount of floating quartz. Thus, the maximum floatability difference (=~ 89
%) is achieved in the case of conditioning with Bacillus cereus first in the presence of 1x108
of bacteria cells. The floatability of gold is about 94%, while it is only 4% for quartz.

The conditioning with Bacillus cereus prior to xanthate may enhance the xanthate-gold
adsorption while it decreases xanthate-quartz adsorption. The exopolymers, or metabolites,
interact with the organism and the minerals in a variety of ways. The metabolites of Bacillus
cereus, such as the polysaccharides, proteins, and organic acids, are responsible for the surface
modification.

The metabolites may form a type of polymeric bridge in potassium butyl xanthate,
leading to higher surface modification. Many of the interacting mechanisms are still unknown
and need to explain how the bacteria adhere to the solid surface. This is confirmed by the
different results for the mode of addition, the bacteria first or the xanthate first [28].
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Figure 8. Floatability of pure quartz and gold particles in the presence of Bacillus cereus and potassium butyl
xanthate.

3.3. Binary mixture bio-flotation

The flotation study of binary mixture aims to determine the effect of interaction
between gold and quartz, which may be occurred during their conditioning together rather than
individual conditioning. A synthetic binary mixture composed of 0.05% of pure gold (500 g/t)
with quartz was employed for this investigation.

3.3.1. Effect of Bacillus cereus

The effect of Bacillus cereus concentration (cell count) on the gold grade (g/t) and
recovery, in the presence of 5x10-3 M potassium butyl xanthate and 5x10-3 M pine oil at 25°C
and pH 7 showed that the gold grade is 9863 g/t in the presence of 1x10°® bacteria cells, Fig.
9. Then it is dramatically decreased to 758 g/t in the presence of 3.75x10® bacteria cells. On
the other hand, the recovery is increased from 39.4 to 80% in the presence of 1x108 bacteria
cells. Then it is slightly increased up to 88% in the presence of 3.75x108 bacteria cells.
Although the maximum grade (9863 g/t) with 39.4% recovery is achieved at 5x10’ bacteria
cells, 1x108 bacterial cells are considered the best result at which the grade was 8324 g/t with
80% recovery. As mentioned above, the adsorption of bacteria on the gold enhanced its
flotation, which provides a more hydrophobic surface and stable agglomeration [28].
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Figure 9. Effect of Bacillus cereus concentration on the gold content and recovery of the floated fraction from
the binary mixture.

3.3.2. Effect of pH
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Neutral pH is more commonly used for native gold recovery. Native gold shows its
maximum floatability in the water at pH = 6-9. The floatability is totally inhibited at pH > 10.
The effect of pH on the grade and recovery of gold in the presence of bacteria, potassium butyl
xanthate, and pine oil showed that the gold grade is increased from 7435 to 10442 g/t with
increasing the pH from 5 to 7, Fig. 10. Then it is dramatically decreased to 2147 g/t at pH 9.
On the other hand, the recovery is increased from 46.1 to 90.2% at pH 7 - 8, and then it is
decreased to 39.5% at pH 9. It was reported that the uncharged and water-insoluble collectors
are the most effective collectors for the gold flotation at the natural pH. The xanthates are
normally used in slightly alkaline pulps since they decompose in an acid medium and in a very
alkaline environment. The hydroxyl ions (OH") can displace the xanthate ions from the surface
of the mineral [29].
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Figure 10. Effect of pH on the gold content and recovery of the floated fraction from the binary mixture.

3.3.3. Effect of conditioning time

The effect of conditioning time on the gold grade and recovery in the presence of
bacteria cells, potassium butyl xanthate, and pine oil at 25°C and pH 7 is investigated. Fig. 11
shows that the gold grade is increased from 7342 to 10442 g/t with increasing conditioning
time from 5 to 10 min, and then it is decreased again to 3292 g/t after 15 min. On the other
hand, the recovery is increased from about 28 to 90% by increasing the conditioning time from
5 to 10 min. Then it is slightly increased to 94% after 15 min. This is because the attachment
of the particle with the air bubble needs time (induction time). Induction time is associated with
the thin water film's properties that separate the particle and bubble just before attaching. For
a hydrophobic surface, induction time is short, a few milliseconds. Suppose it is less than the
time the particle and bubble are in contact. In that case, attachment is successful, and the
particle is floated. The induction time is very large for hydrophobic particles. The
hydrophobicity of gold depends on the time due to its higher Hamaker constant (45x102°J). It
results from strong water dispersion forces, whereas its hydrophobicity develops upon physical
adsorption of water vapor [17].
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Figure 11. Effect of conditioning time on the gold content and recovery of the floated fraction from the binary
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3.3.4. Effect of temperature

The metabolism of bacteria is directly associated with enzymes' presence, which means
that the biofilm formation depends on the enzymes' reaction rates. A pivotal factor that affects
the enzymatic reaction rate is the temperature, as it is correlated to the formation of cells
forming a biofilm [30]. The effect of temperature on both grade and recovery of gold in the
presence of bacteria cells, potassium butyl xanthate, and pine oil at pH 7 is investigated. Fig.
12 shows that the gold grade increases from 9194 to 10612 g/t, increasing temperature from 20
to 35°C. Then it is decreased again to 7706 g/t at 40°C. On the other hand, the recovery is
increased from 63 to 95% with increasing temperature from 20 to 35°C, and then it is decreased
to 71% at 40°C. This is due to the microbial activity usually increases with increasing
temperature. The higher the effect of bacteria may be due to increasing the biofilm thickness
at 35°C compared with that at 20°C. It is ascribed to the number of appendages. It may also be
due increase in the surface area and the likelihood of bacterial adhesion at 35°C [31-32]. The
high temperature has little impact on removing the biofilm, so the biofilm adherent to the
surface increases [34].
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Figure 12. Effect of temperature on the gold content and recovery of the floated fraction from the binary
mixture.
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4. Conclusions

Bacillus cereus is used as a surface modifier to enhance the flotation selectivity of gold.
The gold surface is strongly affected as a result of bacterial interaction, while the quartz doesn’t
affect it. The gold surface is strongly affected by bacterial interaction, while there is no
significant change of the zeta potential of quartz minerals after treatment. FTIR and SEM
proved the selective adhesion of Bacillus cereus on the gold surface.

The maximum floatability of pure gold metal and quartz individually after treatment
with Bacillus cereus is achieved at pH 7-8 for the gold and pH 7 for quartz. The maximum
floatability is achieved after 10 min conditioning time at 35°C and pH 7.

The gold flotation from a binary mixture (500 g/t gold) produced a concentrate of 10612
g/t gold with 95% recovery in the presence of 1x108 bacteria cells, 5x10-2 M potassium butyl
xanthate and 5x10-3 M pine oil at 35°C and pH 7 for 10 min.
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