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Abstract

Biobeneficiation processes involving the separation of valuable minerals from
ores and materials using conventional flotation and flocculation methods have
been shown to be promising in recent years. There is an enormous potential
to utilize microorganisms as flocculating agents, flotation collectors and/or
depressants. The study involves Biobeneficiation of oxide minerals using Ba-
cillus subtilis. Characterization of minerals (hematite, corundum, calcite and
quartz) was carried out through XRD, EDAX and FTIR techniques. FTIR of
minerals before and after interaction with cells, cell free extract and extracel-
lular proteins was carried out and it has been found that there is a shift or
change in the peaks of functional groups. In presence of protein adsorption,
amide peaks were found and in case of polysaccharide adsorption, carboxyl
peaks were found which justify the flotation and flocculation results. MALDI-
TOF was carried out to confirm the molecular weights of the extracted pro-
teins and it was found that molecular weight of proteins on interaction with
minerals was higher than that of uninteracted minerals.
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1. Introduction

Ever increasing demand for iron ores has led to exploitation of even lean grade
ores and fines. Effective utilization of lean grade ores, iron ore fines and
processed wastes brings about efficient beneficiation processes which are envi-
ronment-friendly, cost-effective and energy-efficient, hence biotechnological
processes have been attracting attention in mineral processing industry. Advent
of biotechnology in mineral processing has opened up immense possibilities to

exploit difficult to treat ores; thus bioprocessing techniques hold promise as po-
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tential substitutes for conventional technologies in vogue [1].

Among oxide minerals hematite is the most abundant and important iron
bearing mineral widely used in iron and steel industries, but it is associated with
oxide gangue minerals. Iron ore consists of hematite and gangue minerals like
corundum, calcite and quartz. Various physico-chemical methods used to sepa-
rate gangue minerals from hematite are considered to be expensive and are not
eco-friendly [2]. It becomes imperative to separate hematite from other gangue
minerals; hence the research work was focused on development of biobeneficia-
tion processes for oxide minerals such as hematite, corundum, calcite and quartz
with relevance to iron ore.

In the present investigation, B. subtilis a gram-positive, neutrophilic, perifla-
gellated heterotroph indigenous bacterium associated with many mineral depo-
sits was used. Extracellular polysaccharides, lipoproteins are the principal com-
ponents of biomass obtained from B. subtilis [3] [4].

Characterization of minerals was carried out by XRD, EDAX and FTIR.
Fourier transform infra red spectroscopy (FTIR) was further used to observe the
changes in peaks of the functional groups of minerals before and after interac-
tion with cells, cell free extract and extracellular proteins [5]. Matrix assisted la-
ser desorption ionization-time of flight (MALDI-TOF) was utilized to confirm
the molecular weights of extracellular bacterial proteins before and after interac-
tion with minerals. Similar findings have been reported in case of cytosolic pro-

teins of Ferrooxidans [6].

2. Materials and Methods

Minerals: Mineral samples of hematite, corundum (alumina), calcite and quartz
were obtained from Alminrock, Indscer Fabriks, Bangalore, India. Samples were
ground in a porcelain ball mill and sieved to obtain different size factions. The
surface area was estimated by Brunauer-Emmett-Teller (BET) nitrogen specific
surface area method using Micromeritics Flowsorb II 200 surface area analyser.
The SEM micrographs of ground minerals were taken.

Characterization of minerals: Minerals obtained were characterized prior to
their use in the experiments in order to ascertain their purity, acquire chemical
composition and have prior knowledge of their structural characteristics. Cha-
racterization was carried out with different techniques such as chemical analysis,
X-ray diffraction photometry and Energy dispersive X-ray dispersion (EDAX)
analysis.

1) Chemical analysis: Chemical analysis was carried out using standard wet
chemical analytical techniques of acid digestion by Indian Bureau of Mines,
Bangalore [7].

2) X-ray diffraction photometry analysis: X-ray diffraction studies were car-
ried out with model JDX-8030, JEOL Limited, Tokyo, Japan [8].

3) Energy dispersive X-ray analysis (EDAX): EDAX studies were carried out
using a FEI Sirion, high resolution electron microscope [9].

Bacteria: Strain of B. subtilis (NCIM 2655) used in this study was obtained
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from the National Collection of Industrial Microorganisms, National Chemical
Laboratory, Pune, India. It was sub cultured in the laboratory using Luria broth
medium (LB) and the growth kinetics were studied. B. subtilis was cultured by
inoculating a fully grown culture with 10° cells/ml of pure strain to Luria broth
(LB) medium and incubated at 30°C on a Scigenics Orbitek rotary shaker at 200
rpm. Cell concentration was determined with a Petroff-Hausser counting
chamber under a Leitz phase contrast microscope (LABORLUX K Wild MPS
12). The pH of the grown culture medium was 7.7 - 7.8. Cells of B. subtilis were
also grown in presence of pyrite and galena in LB medium at 5% pulp density
through serial sub culturing. Adaptation to minerals was considered achieved
when the growth rate of adapted strain was identical to that of the control (cells
grown in absence of minerals). Fully grown culture of B. subtilis was taken and
subjected to centrifugation at 10,000 xg using a bench top centrifuge (Heraeus
Biofuge Stratos) for 10 min at 4°C. Cell pellet was suspended in 10 M KNO;
and placed in refrigerator till further use. The supernatant was collected and fil-
tered through a 0.2 pm sterile membrane using Millipore vacuum suction pump
to make it cell free [10].

Fourier transform infrared (FTIR) studies: For studying characteristics of
surface functional groups of cell, cell free extract and extracellular proteins of
interacted minerals and also characterization of secreted biopolymers IR studies
were carried using a Perkin Elmer Model FT Spectrum-1000 instrument, oper-
ating in the 4000 - 400 cm™ range. IR spectrum of minerals after interaction
with various bioreagents was taken. FTIR spectrum of extracellular polysaccha-
rides and cell wall polysaccharides were also carried to obtain insight in course
of structural characterization of ECP. FTIR spectrums were obtained using KBr
pellet technique. Since KBr is transparent to InfraRed rays approximately 2 mg
of the desired powder was thoroughly mixed with 200 mg of spectrometry grade
KBr and then placed in sample holder by pressing it and making a thin layer for
recording as transmission of Infra red through spectrophotometer [11] [12].

Mass spectrometry: Molecular weight of bioreagents was measured with
Kompact (SEQ) KRATOS analytical time of flight mass spectrometry and with
Matrix Assisted Laser Desorption/Ionisation (MALDI) [13].

3. Results

Prior to commencing this research investigation in microbe-mineral interaction,
it was an imperative to know the details of minerals. Hence various characteriza-
tion techniques such as mineralogical analysis, X-ray diffraction studies, energy
dispersive X-ray analysis (EDAX), particle size determination, particle surface
area analysis, SEM studies etc. The peaks observed assured the purity of indi-
vidual minerals and the purity were found to be 95%, 97%, 99%, 99% respec-
tively for hematite, corundum, calcite and quartz.

Surface area of minerals by Brunauer-Emmett-Teller (BET) analyzer was
found to be 1.2 m?/g for hematite, 1.95 m*/g for corundum, 1.653 m?*/g for calcite

and 2.659 m*/g for quartz.
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With relevance to iron ore beneficiation, growth kinetics of B. subtilis cells
exhibited highest affinity towards hematite (10° cells/g), when compared to co-
rundum, calcite and quartz. Bacterial adhesion was observed to be significantly
higher on hematite and hematite could be effectively separated from corundum,
calcite and quartz through microbially induced selective flocculation and flota-
tion.

Extracellular protein exhibited higher affinity towards quartz compared to
calcite and corundum and extracellular protein exhibited lower affinity towards
hematite. Mineral induced proteins were expressed when bacterial cells were
adapted to quartz, corundum, calcite and hematite. Mineral specific intracellular
proteins were expressed when bacterial cells were grown in presence of hematite,
corundum, calcite and quartz. B. subtilis grown in presence of quartz secreted
specific proteins, such as 19.9, 33.5, 40.2, 60.3 kDa and these proteins were not
secreted in control. Protein band of about 22.39 kDa was seen in case of control
which was not present in mineral grown strains. In case of intracellular protein
of B. subtilis grown in presence of hematite and quartz secreted a conspicuous
thick band of proteins of 14 to 25 kDa range which was not expressed in control.

Hydrophobicity of cells grown in absence and presence of minerals was stu-
died and it showed the hydrophobic nature of corundum (90%), calcite (90%)
and quartz (90%) interacted bacterial cells and in presence of hematite, cells be-
came more hydrophilic.

Flocculation studies carried out in presence of bacterial cells and cell free ex-
tract showed that settling rate of hematite was significantly higher than that of
quartz, calcite and corundum. Percent flotation recovery of quartz was 92.3% *
1.0% on interaction with bacterial cells and with cell free extract the recovery
was 90.8% + 0.8% and that of corundum and calcite showed a recovery of 71.7 +
0.8 and 75.2% = 0.8% respectively. Hematite flotation was highly impaired (4.7 +
0.6 and 2.4% * 0.9%). Similar results were obtained in case of flocculation and
flotation studies with the binary mixtures of minerals.

FTIR studies showed significant appearance of new functional groups on in-
teraction of minerals with cells, cell free extract and extracellular proteins.
MALDI-TOF results showed the secretion of higher molecular weight of pro-
teins and these results are in accord with those obtained by SDS-PAGE analyses.

FTIR studies: FTIR spectra of hematite shows three IR bands at 528, 490 and
348.32 cm™ which were attributed to hydroxyl groups. The 950 cm™ absorption
band could be due to hydroxyl groups, being the corresponding deformation
modes of the OH stretching absorption due to surface hydroxyls reported in
hematite (Rochester 1979). FTIR spectra of corundum showed band at 3400
cm™ is assigned to ~OH stretching vibration of hydroxyls, 969 cm™ are assigned
to the bending vibrations of AI-OH and the band at 603 cm™ is assigned to the
symmetric stretching mode of Al-O bond. In case of calcite, characteristic peak
of the carbonate ion at 1409 cm™ a sharp absorption band at 874 cm™ and a
broad band around 708 cm™ and sharp peak at 356 cm™ were observed. For

quartz, the mid infra red spectra range of 400 - 1200 cm™ are classified in to four
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characteristic bands around 1078 cm™, 750 cm, 1500 cm™ and 353 cm™.

FTIR spectrum of control (cells) and interacted minerals are given in (Figure
1(a) and Figure 1(b)). On interaction with control (cells), new functional
groups were observed on hematite; 2936 cm™ (m) with C-H stretch shows the
presence of alkanes, 642 cm™ (b,s) with -C=C-H; C-H bend shows the presence
of alkynes, and 538 cm™ (m) with C-Br stretch shows alkyl halides and these
peaks are absent in cells and uninteracted minerals. On interaction with corun-
dum shifts in the peaks were observed for 1654 cm™ (m) with N-H bend shows
the presence of 1° amines and 1078 cm™ (m) with C-O stretch shows ethers, 965
cm™ (s) with C-H bend shows the presence of alkenes which were not seen on
cells and uninteracted corundum. FTIR studies for control as well as calcite and
quartz on interaction with cells were conducted and the spectra are shown in

(Figure 2(a) and Figure 2(b)). In case of calcite the peaks are very sharp and
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Figure 1. FTIR spectra of (a) Cell (control) and (b) Interacted hematite and corundum.
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Figure 2. FTIR spectra of (a) Cell (control) and (b) Interacted calcite and quartz.
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new peaks which were not observed in control and uninteracted calcite were
found to be 2515 cm™ (b) with O-H shows carboxylic acids, 1799 cm™ (s) with
C=0 shows dominated carbonate peak [14]. As seen in case of quartz, new spe-
cies of functional groups present were that of 2568 cm™ (b) with O-H shows
carboxylic acids, 1078 cm™ (m) with C-O stretch shows ether groups, and 750
cm™ (s) with = C-H and C=C shows phenyl groups.

The FTIR spectra of cell free extract interacted with minerals is given in
(Figure 3(a) and Figure 3(b)). Cell free extract of bacteria is found to show the
presence of polysaccharides and proteins and on interaction with minerals, he-
matite showed the presence of 537 cm™ (m) with C-Br stretch which is due to
the presence of alkyl halides groups and 438 cm™ (m) gives the peaks of hema-
tite and there is no peak of cell free extract. On interaction with corundum, it
gives the peaks at 960 - 1067 cm™ which is assigned to the bending vibrations of
Al-OH and the peak at 602 cm™ is a stretch peak of Al-O bond as well as 1067
cm™ (m) with C-N stretch shows the presence of aliphatic amine groups.

FTIR spectra of calcite and quartz before and after interaction with cell free
extract is shown in (Figure 4(a) and Figure 4(b)). On interaction with cell free
extract, new species found on calcite were 2516 cm™ (b) with O-H shows the
presence of carboxylic acids, 1800 cm™ (s) with C=0 shows amides, ketones, al-
dehydes, carboxylic acids and esters, 1424 cm™ (m) with C-C stretch shows the
presence of aromatic groups. 875 cm™ (m) with C-H “oop” shows aromatics
groups 708 cm™ (b, s) with -C=C-H; C-H bend shows the presence of alkynes.
As seen in quartz, new groups were 1994 cm™ (w) with -C=C- stretch which
show the presence of alkyne groups, 1084 cm™ (m) with C-N stretch shows ali-
phatic amine groups and 779 cm™ (m) with C-H “oop” shows aromatics groups.

Finally FTIR studies were carried out for all the four minerals on interaction

with extracellular proteins and are given in (Figure 5(a) and Figure 5(b)). The

12 T T T T T T T T T T T T T T
10- 250+ Hematite interacted with CFE
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8+ 200
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0- 3517 0 602 453
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Wavenumber (cm™)
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Figure 3. FTIR spectra of (a) Cell free extract and (b) Interacted hematite and corundum.
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Figure 4. FTIR spectra of (a) Cell free extract and (b) Interacted calcite and quartz.
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Figure 5. FTIR spectra of (a) Extracellular proteins (EP) (b) Interacted hematite, corundum, calcite and quartz.

sharp peaks were not observed in case of hematite, corundum and quartz but

calcite showed the presence of sharp and specific peaks. Hydroxyl groups, Car-

boxylic acids and 1° amines groups are not present in quartz and shows the dif-

ference between calcite and quartz after interaction. In case of hematite, 1268
cm™ (m) with C-H Wag (-CH,X) shows the presence of alkyl halides, 815 cm™
(m) with C-Cl stretch shows alkyl halide groups were observed, for corundum
3010 cm™ (m) with =C-H stretch shows alkenes, 2217 cm™ (w) with C=N
stretch shows alkyne groups and 1914 cm™ (m) with -C=C- stretch shows the

presence of alkyne groups were seen, for calcite, 3168 cm™ (s,b) with O-H stret-

ching hydroxyl groups shows the presence of alcohols and phenols, 2654 cm™
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(m,b) with O-H stretching shows carboxylic acids, 1569 cm™ (m) with N-H
bend shows 1° amines, 842 cm™ (m) with C-Cl stretch shows alkyl halide groups
and also presence of calcite peaks, 666 cm™ (m) with C-Br stretch, shows alkyl
halides groups were found and in case of quartz only 754 cm™ (m) with C-Cl
stretch shows alkyl halide groups and 617 with C-Br stretch shows alkyl halides

group were found.

4. Matrix Assisted Laser Desorption Ionization-Time of
Flight (MALDI-TOF) Mass Spectrometry Studies

MALDI-TOF studies were performed to check the molecular weights of extra-
cellular proteins secreted by bacteria in presence of minerals. The molecular
weight of extracellular proteins of B. subtilis was in the range of 5000 - 10,000 Da
(Figure 6) and in presence of hematite (Figure 7) molecular weight was found
more Ze. 4000 - 18,000 Da, in case of corundum (Figure 8) and calcite (Figure
9) interacted EP molecular weight was found to be 4000 - 15,000 Da and quartz
(Figure 10) interacted EP was found to be 4000 - 20,000 Da.

5. Discussion

Similar studies were carried by using hematite, quartz, kaolinite and apatite from
geological museum of China and their purities were found to be around 99%
[15]. The findings of FTIR spectra of corundum are in agreement with [16] and
the results obtained by [15] for interaction of hematite before and after with R.
erythropolis have shown that after interaction, new surface species were found
and it also proved that adsorption occurs mainly chemical adsorption which
makes hematite surface hydrophobic and enhance the floatability. Similar func-

tional groups in quartz have been observed by [17] wherein they have shown
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Figure 6. MALDI-TOF mass spectrum of control.
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Figure 8. MALDI-TOF mass spectrum EP in presence of corundum.

that in presence of R. opacus calcite showed the characteristic bands of carbo-

nates. The FTIR spectra of cell free extract interacted with minerals were ob-

served by [16] and the shift in peaks was observed due to the presence of poly-

saccharides on hematite and corundum. Similar results in case of quartz which

shows the presence of proteinaceous groups also observed by [18]. Similar stu-

dies of interaction with extracellular proteins were carried out for sphalerite and

galena. MALDI-TOF studies were performed to check the molecular weights of

extracellular proteins secreted by bacteria in presence of minerals and
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are in agreement with the results obtained through SDS-PAGE. Similar findings
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have been reported by [6] in case of cytosolic proteins of At ferrooxidans. FTIR
and MALDI-TOF studies give us substantial understanding about the functional
groups which will help us to prepare right floatation and flocculating agents to

make the technology more efficient.

6. Conclusions

The characterization of minerals and growth kinetics of Bacillus subtilis was es-
tablished. With relevance to iron ore beneficiation, growth kinetics of B. subtilis
cells exhibited highest affinity towards hematite when compared to corundum,
calcite and quartz. Bacterial adhesion was observed to be significantly higher on
hematite and hematite could be effectively separated from corundum, calcite and
quartz through microbially induced selective flocculation and flotation.

Extracellular protein exhibited higher affinity towards quartz compared to
calcite and corundum and extracellular protein exhibited lower affinity towards
hematite. Mineral induced proteins were expressed when bacterial cells were
adapted to quartz, corundum, calcite and hematite. Mineral specific intracellular
proteins were expressed when bacterial cells were grown in presence of hematite,
corundum, calcite and quartz.

The FTIR studies showed significant appearance of new functional groups on
interaction of minerals and the MALDI-TOF results showed the secretion of
higher molecular weight of proteins and these results are in accord with those
obtained by SDS-PAGE analyses.
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