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ABSTRACT

With increasing demand for steel and depletion of high-grade iron ore deposits, more
research efforts are being directed toward extending the life of existing ore reserves and
developing technology to treat low-grade iron ore resources. Interaction between Bacillus
subtilis and iron ore minerals such iron oxide and, quartz brought about significant
surface chemical changes. Quartz was rendered more hydrophilic, while iron oxide

became more hydrophobic mineral after bacterial interaction. The surface properties were
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studied using zeta potential, SEM, adhesion of strains to the minerals’ surface and
contact angle. In this work Bacillus subtilis was isolated from Egyptian iron ore surface.
The results revealed that a strong interaction was occurred. A concentrate contains
90.88% Fe,03[64 % Fe (total)] and 4.46% SiO, was obtained through bio-flotation from
a feed contains 70.04% Fe,05 [49.33% Fe (total)] and 21.18% SiO,.

Column flotation,
Bacillus subtilis.

Introduction

Iron ores are present in different locations in Egypt such
as at East Aswan, at Bahariya Oasis, in the Western Desert,
and in several localities of the Eastern Desert near the Red Sea
coast. The iron-ore deposits of these localities vary greatly in
their mineralogical and chemical composition as well as in the
nature of their associated rocks, as also regarding the
assemblage of trace elements [1]. The formation of various
iron oxides under the earth’s crust are due to both biological
and abiotic reaction mechanisms [2-6]. Presently available
physic-chemical methods are not environment friendly. Bio-
beneficiation is considered as eco-friendly, promising and
revolutionary solutions to these problems and is gaining more
importance due to depletion of high grade ores and
enforcement of strict anti-pollution laws. Utility of
microorganisms in iron ore beneficiation was understood and
developed only in the last decade [7-10]. Smith and coworkers
have reported extensive studies on the relevance and promise
of microorganisms in mineral bio-processing [11-15]. Many
types of microorganisms including autotrophic and
heterotrophic bacteria, fungi, yeast and algae which inhabit
iron ore deposits find use in iron ore beneficiation [16-18].
Bio-flotation is a biotechnology by employing microbes, in
particular bacteria, involving the adhesion of the bacteria on
the minerals that meets the industrial needs more selective and
environmentally friendly mineral separation [19-22]. By
adhering the surface of minerals, the bacteria essentially
change the surface characteristics of the minerals as a result of
interaction of microbes and mineral surfaces. The presence of
functional non-polar groups (hydrocarbon chains) and polar
groups (carboxyl, hydroxyl, phosphates) at the microbial
cellular surfaces or metabolic products give the microbial
culture characteristics similar to those of surfactant molecules
[23]. Therefore, the microorganisms can modify the mineral
surfaces, either directly or indirectly. The direct mechanism
involves the adhesion of cells to mineral particles while the
indirect mechanism refers to the biological reagents such as
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excreted metabolites acting as surface-active reagents [24] or
as soluble fractions of the microorganisms derived from their
rupture [25,26].
Materials and Methods
Materials

Sample of single mineral of hematite (Fe,0O3), and Quartz
was delivered from ‘Wards’ Company, USA. The purity (99.9
%) of the samples was confirmed using XRF. The —200 mesh
fractions were used in adsorption and flotation studies.
Analytical grade HCI and NaOH, from Aldrich, were used for
pH regulations. Nature iron ore was collected from Eastern
Desert Locality, Egypt.
Characterization

A Philips PW 1730 powder X-ray diffractometer with Fe-
filtered Co (K-alpha) run at 30 kV and 20 mA was used to
examine single minerals. Selected samples were observed on
fractured surface under a JSM-6400 scanning electron
microscope (SEM) to examine the morphology of single
mineral.
Bacterial Growing and Isolation

A suspension containing 0.5 gm of mineral sample in 10
ml distilled water was prepared. After that, 1 ml of suspension
was taken and sprayed onto a nutrient agar plate surface then
incubated for 24-48 hr. at 30°C. The developed colonies were
picked up and streaked on nutrient agar plates and incubated at
30°C for 24-48 hr. The final step was repeated several times
until pure colonies have been obtained. Separate colonies were
picked up, streaked on nutrient agar slopes, stored at 4°C and
sub-cultured monthly [27-29].
Growth Media

Two forms of nutrient media were used, solid form
(nutrient agar) and liquid form (nutrient broth). Nutrient agar
(NA) including peptone, 5gm; beef extract, 3gm; sodium
chloride, 8gm; agar, 12gm and distilled water, 1000ml. The
constituents were dissolved with heating, adjusted to pH 6.8-
7.0 and sterilized at 120°C for 20 min.
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Graphical Expression of Bacterial Growth

Bacterial growth was measured through inoculating the
preserved bacterium into 100 ml nutrient broth and incubated
overnight in 250 ml measuring flask after that optical density
was measured to determine the start point. Then 1 ml of the
previous culture was taken in 100 ml nutrient broth followed
by measuring OD550 along time intervals of 30 min. OD550
was measured using ‘“Perkin-Elmer” Spectrophotometer®
model Lambda 3B. Growth curve was obtained by plotting the
logarithm of OD550 versus time, [27-29].
Preparation of Inoculum

A liquate of 350 ml was dispensed into 1 litre flask, then
sterilized at 120°C for 20 min. and after that inoculated with
a loop full of the bacterial strain under test and incubated at
30°C for 48 hr according to growth curve of three strains of
bacteria under test [27-29].
The Gram Stain Technique

A loopful of tap water was placed on a slide; using a
sterile cool loop transfer a small sample of the colony to the
drop, and emulsify. The film was allowed to be air dried. The
dried film was fixed by passing it briefly through the Bunsen
flame two or three times without exposing the dried film
directly to the flame. The slide should not be so hot as to be
uncomfortable to the touch. The slide with crystal violet
solution was flooded for up to one minute and was washed off
briefly with tap water (not over 5 seconds) and drained. After
that, the slide was flooded with Gram's lodine solution, and be
allowed to act (as a mordant) for about one minute followed
by washing off with tap water and drainage. Excess water was
removed from slide and blot, so that alcohol used for
decolourization is not diluted. The slide was flooded with 95%
alcohol for 10 seconds and washed off with tap water. (Smears
that are excessively thick may require longer decolourization).
This is the most sensitive and variable step of the procedure,
and requires experience to know just how much to decolorize).
The slide after that was drained, flooded with safranin solution
and be allowed to counterstained for 30 seconds. Finally, the
slide was washed off with tap water, drained and blotted dry
with bibulous paper and didn’t be rubbed. All slides of
bacteria must be examined under the oil immersion lens [27-
29].
BIOLOG Microbial Identification System

Bacteria identification was done using the BIOLOG GEN
I11 Micro-plate microbial identification system. A pure culture
was grown on BIOLOG recommended agar media and
incubated at 30° C. Inoculums were prepared where the cell
density was in the range of 90-98%T. precisely 100 pl of the
cell suspension was transferred by multichannel pipette into
the wells of BIOLOG micro-plate. The plates were incubated
for 36 hours at 30° C into the Omni-Log incubator/reader. The
BIOLOG micro-plate tests the ability of an organism to utilize
or oxidize a pre-selected panel of 95 different carbon sources.
The dye tetrazolium violet is used to indicate utilization of
substrates. A panel of 95 different substrates gives a very
distinctive and repeatable pattern of purple wells for each
organism in which the manufacturers literature terms a
"Metabolic Fingerprint”. Finally; micro plate was read using
BIOLOG’s Microbial Identification Systems software through
biology reader
Zeta Potential Measurements

A laser Zeta Meter ‘Malvern Instruments Model Zeta
Sizer 2000 was used for zeta potential measurements. 0.05 g
of ground sample was placed in 50 ml double distilled water
with definite concentration of the bacterial isolate at fixed
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ionic strength of 102 M NaCl. NaOH and HCL were used as
pH modifiers. The suspension was conditioned for 60 minutes
during which the pH was adjusted. After shaking, the
equilibrium pH was recorded. It was then allowed to settle for
3 min, after which 10 ml of the supernatant was transferred
into a standard cuvette for zeta potential measurement.
Solution temperature was maintained at (25°C + 2). Five
measurements were taken and the average was reported as the
measured zeta potential [27-29].
Adhesion measurements

Adhesion of the bacterial isolate on the mineral surfaces
was determined by dry weight difference before and after
conditioning with the mineral particles. 0.5 gram of the ground
mineral (-200 mesh) was added to 80 ml of the 48 hour
bacterial suspension with a fixed initial concentration of the
bacterial isolate 2x10%cell/ml, and conditioned for 60 minutes
after adjusting the pH values. An additional time of 20 min.
was allowed for settling of the mineral particles, after which
20 ml of the supernatant was collected in a porcelain crucible
and dried on a hot plate at 40 — 45°C. Adhesion studies were
performed as a function of difference in weight before and
after drying.
Surface Tension Measurement

The surface tension measurements were performed using t
he ring method in a Kruss K9 digital TENSIOMETER with an
accuracy of 0.1 mN m™". The surface tension of the bacterial
suspensions was set at different bacterial concentrations and i
n function of the pH suspension, the pH suspensions were regu
lated with diluted HCI and NaOH solutions [27-29]
Contact Angle Measurements

The contact angle measurement were carried out through
a GONIOMETER RAME.HART using the captive bubble
method. The mineral crystal was carefully cut (dimensions
0.5*0.5*1) cm® and polished with a diamond paste. The
samples were cleaned with jets of distilled water to remove
any particles sticking to the polished surface. The contact
angle measurements were taken before and after interaction
with the bacterial isolates [30-31].
Adsorption experiments

The adsorption density of bacterial isolate on the mineral
surface was determined by adding 1 g dry sample of kaolin
or anatase to the bacterial suspension in a 100 cm3 volumetric
flask with a definite concentration of bacterial cells. The
mixture was shacked for 15 minutes using a shaker at 150 rpm
(Model JANKE & KUNKEL Type VX10). The pH was
adjusted to the desired values using HCI and NaOH. A
potentiometer (Orion Mod. 720A) equipped with a combined
electrode was used to monitor the pH. The potentiometer was
calibrated before each test by using buffer solutions of pH 4, 7
and 10. The solution was shaken at 150 rpm for 1lh at
controlled temperature of 25 + 2°C. Then, the samples were
centrifuged at 15000 rpm for 20 min at room temperature to
separate supernatant from the settled fraction. The total
content of organic carbon, (residual concentration), in 40 ml of
supernatant was determined using a ‘Phoenix 8000° Total
Carbon Analyzer" instrument. The average of three readings
was taken as a measure for the residual concentration of
organic carbon. The adsorbed amount was then calculated as
the difference between initial and residual concentrations [32].
Flotation Experiments

A series of bench-scale flotation experiments were
conducted using a modified Halimond tube with 150 ml
capacity.
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In carrying out these flotation experiments one gram (of
single minerals or their binary mixture as well as natural ore)
were conditioned at the pre-determined optimum conditions of
pH 3, concentration of bacterial isolate of 10 ml (10° cells
mL™) and conditioning time 10 minutes using a horizontal
shaker. The pH was adjusted with dilute solutions of NaOH
and HCI. The flotation was conducted for 5 minutes at air
follow rate of 0.7 cm™®/min. Both floated and sink fractions
were collected, dried, weighted, and analyzed [33].

Results and Discussions
Sample Characterization

Chemical analysis of a representative sample in Table 1
indicated that the sample contains a total Fe% of about
49.33%. In addition, the analysis shows that the sample has
high content of SiO2 (21.18%) which is found as impurities.
The contents of MgO, MnO, K:0, Na:0, Cl, ZnO, TiO, P and
Al,Os are minor, while (Al.Os) is slightly high due to the
presence of a clayey fraction. On the other hand, the XRD
pattern, Figure 1 illustrated the characteristic peaks for iron
oxide in the form of hematite, Magnetite, while Calcite and
quartz as gangue minerals and the presence of minor amounts
of kaolin and smectite.

Table 1.Chemical Analysis of iron Ore Sample

Oxide %
(Fe total) | (49.33)
SiO, 21.18
CaO 3.12
Al,O5 1.97
MgO 0.55
Na,O 0.111
P,05 0.95
SO3 0.39
TiO3 0.146
K,0 0.019
MnO 0.086
Co0504 0.126
Zn0O 0.007
SrO 0.014
Cl 0.05
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Figure 1. XRD of the origin Sample.

Surface Properties of Single Minerals and Bacillus subtilis
Figure 2 depicts that this bacterial isolate is, more or less,
hydrophobic in nature where zeta potential values are varied fr
om about +2 to 40 mv over the entire range of pH (pH 2- 12),
and its isoelectric point (iep) is about 2.5 and this in agreement
with the fact that iep of these types of microorganisms are less
than 4. This may be due to that the cell wall of a gram-positive
bacterium is composed by a porous three-dimensional
macromolecular network containing peptidoglycan teichuronic
acid, protein, lipids and polysaccharides [34-38]. Figures 3
and 4 showed the zeta potential values of single minerals of
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iron oxide and quartz before and after interaction with Bacillus
subtilis. The results clearly indicate that the two curves of zeta
potential conducted at pH ~ 7 for iron oxide and at pH~2.7 for
quartz at ionic strength 10> M NaCl in the absence of bacterial
isolate. These values are considered as iso-electric point (iep)
for iron oxide and quartz respectively which are in agreement
with literature. After interaction with bacterial isolate of
Bacillus subtilis, the values of zeta potentials are shifted to
lower values of ~ 5.8 and 2.2 for iron oxide and quartz
respectively which confirmed the role of the bacterial strains
on changing the surface properties of single minerals. This is
attributed to the presence of anionic groups on the bacterial
cell wall that dominate over the cationic groups [39-41]
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Figure 2. Zeta potential of Bacillus subtilis.
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Figure 3. Zeta potential of quartz before and after
interaction with Bacillus subtilis
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Figure 4. Zeta potential of iron oxide before and after
interaction with Bacillus subtilis

Bacillus subtilis Adhesion onto Minerals’ Surfaces

The adhesion results showed that the bacterial isolate of
Bacillus subtilis could be adhered to both single minerals’
surfaces with higher affinity to the iron oxide than that of
quartz. This is due to the specific adsorption of functional
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groups on the bacterial cell wall on the available adsorption
sites of iron oxide surface, specially at pH range 5.5 — 7 and
followed by a gradual decrease till reaching pH 12 [42-43],
Figure 5. The adsorption results are in agreement with the
above results of adhesion, Figure 6, which indicated the higher
affinity of Bacillus subtilis to be adsorbed onto iron oxide
surface more than that onto quartz surface. The maximum
adsorption density has been reached for iron oxide at pH 6.
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Figure 5. Adhesion of Bacillus subtilis onto single minerals
surface.
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Figure 6. Adsorption densities of Bacillus subtilis onto
single minerals’ surfaces.

The above results were confirmed by SEM of single
minerals’ surface before and after treatment with Bacillus
subtilis, Figures 7A, 7B, 8A and 8B for iron oxide and quartz
respectively. The results stated that Bacillus subtilis bacteria
could be adhered onto both minerals’surfaces but with higher
affinity towards iron oxide. This revealed the network
formation of cells with aggregation on minerals’ particles
surfaces forming a bio-film that leading to hydrophobicity of
iron oxide surface due to the displacement of its isoelectric
point (iep).
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Figure 7. SEM of single iron oxide before and after
interaction with Bacillus subtilis.

Figure 8. SEM of single quartz before and after interaction
with Bacillus subtilis.

Surface Tension and Contact Angle

The surface tension of Bacillus subtilis bacteria
was conducted at air-water interface at room temperature,
25°C+2 and pH 6, Figure 9.

The results confirmed a gradual decrease of surface tensio
n values (80-20 mN/m) by increasing the
biomass concentration (2-10 mL) till reaching a stable
state (10 mL). On the other hand, the lowest values of surface
tension of biomass suspensions of Bacillus  subtilis  were
achieved atpH6. As shown in Figure 10, it was
expected that the bacterial suspension could form stable high-
density foam at these pH range while the foam that formed at
high pH would be less stable [44].
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Figure 9. Effect of concentration on the surface tension of
Bacillus subtilis
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Figure 10. Effect of pH on the surface tension of Bacillus
subtilis.

Contact angle is a measure of static hydrophobicity. Resul
ts obtained for both single minerals iron oxide and quartz
before and after interaction with Bacillus subtilis bacterial
isolate confirmed its hydrophobic effect onto mineral surface.
As noticed in Figure 11, the contact angle values as a function
of pH are very small, (~17° for iron oxide and ~14° for

quartz) which indicated the hydrophilic
nature of single minerals’ surfaces before treatment with
bacteria. After interaction, a significant

increase in contact angle values for single minerals of iron
oxide and quartz at pH 6, (~40° for iron oxide and ~25° for
quartz). This confirmed the higher affinity of Bacillus subtilis
for iron oxide rather than quartz. This will increase the
selectivity of collector adsorption that could be attributed to
the electrostatic interaction between the protonated amine
group (NHs) of the collector and silanol groups (Si—-OH,) on
the quartz surface. On the other hand, as a result of bacterial
cell adsorption on the iron oxide surface and formation H-
bonding between Fe**- OH™ and hydrocarbon chains of the
polysaccharides and carboxylic acids, the iron oxide surface
became more hydrophobic due to the formation of a bio-film
[45-51].
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Figure 11. Contact angles of polished minerals crystal
sections before and after interaction with Bacillus subtilis.
Bio-Flotation

The amenability of applying Bacillus subtilis, to be used
as the sole flotation reagent, to selectively separate iron oxide
and quartz from their binary mixtures was studied. The results
obtained at optimum operating conditions indicate that on
using the bacterial isolate for flotation a mixture containing 90
% by weight iron oxide and 10% by weight quartz, a high
floatability (~ 90% floated) for iron oxide was reached while
low flow floatability (~ 27% floated) for quartz was obtained
specially at pH 6, Figure 12.
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Figure 12. The Floatability of Single Mineral with Bacillus
subtilis.

On applying the same conditions on bio-flotation of the
natural iron ore of Eastern Desert, A concentrate contains
90.88% Fe,03[64 % Fe (total)] and 4.46% SiO, was obtained
from a feed contains 70.04% Fe,O3 [49.33% Fe (total)] and
21.18% SiO,, Table 2.

Table 2. Chemical Analysis of Final Concentrate of

Natural Iron Ore.

oxide %
Fe(Total) | 64.00
SiO, 4.46
CaO 0.92
Al,O, 1.59
MgO 0.31
Na,O 0.06
P,0Os 0.28
SO3 0.26
TiO, 0.06
K,0 0.01
MnO 0.03
Cr,0; 0.02
Zn0O 0.01

Conclusions

e The results showed a strong interaction between Bacillus
subtilis bacteria and minerals’ surfaces, especially with iron
oxide.

e Adhesion, adsorption and zeta potential measurements
showed a better affinity of Bacillus subtilis to iron oxide
mineral surface rather than quartz.

e The results of zeta potential showed that the iso-electric
points (IEP) for both iron oxide (~ pH 7) and quartz (~ pH 2.7)
are significantly displaced to lower values (~ 5.8 and 2.2
respectively) after interaction with the Bacillus subtilis.

o Higher bacterial affinity to hematite in comparison to quartz
is readily evident from the results of adhesion and adsorption
of Bacillus subtilis minerals’ surfaces where higher values for
adhesion and adsorption with hematite surface are noticed.

e The selectivity of hematite flotation against quartz was
observed in the micro-flotation tests through measurement of
floatability of the two single minerals in the presence of
Bacillus subtilis.

e The results show the potentiality for using Bacillus subtilis
bacteria as a sole flotation reagent where a concentrate
contains 90.88% Fe,0; [64 % Fe (total)] and 4.46% SiO, was
obtained from a feed contains 70.04% Fe,0; [49.33% Fe
(total)] and 21.18% SiO..
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