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ABSTRACT

The increasing world demand for mineral raw malkerfes led to the exploitation of
low-grade ores. This fact associated with morerdge specification of concentrates,
hard environmental legislation and a necessityctoexe lower operating costs has led to
numerous investigations aimed at finding bettecgssing techniques and more effective
flotation reagents. Recent literature has showertaorganisms can be used as flotation
reagents.

In the present study, a microorganism has beersiigpated as a flotation reagent for a
hematite - quartz system. Such microorganisms ugaiated from the surface of iron
ore. The study was based on zeta potential, adhesid adsorption measurements as
well as micro-flotation experiments in absence gmesence of microorganisms.
Microbe-mineral interactions resulted in signifitashanges on mineral surfaces. The
changes in zeta potential, adsorption, adhesionflatation behavior of hematite and
guartz particles after microbial interaction arecdissed.
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INTRODUCTION

Bio-processing techniques possess attractive festudor treating complex ores.
Additionally, compared to conventional inorganicagents, biologically derived
secretions are non-toxic and environmentally séfseing microorganisms in mineral
processing is due to special interaction of theseramrganisms with the minerals.
Interaction of microorganisms with minerals sucthaematite, quartz.etc brought about
significant surface chemical changes on mineratéases where rendered some more
hydrophobic and others more hydrophilic after l@atment (Abdel-Khalek and Farrah,
2004; Deo and Natarjan 1998). The separation oérala by bio-flotation is governed by
selective adhesion of microbial cells or it's bgducts onto minerals surfaces. In general
bacterial adhesion can be explained by surfacanibdynamics and extended DLVO
theory (Sharma and Rao 1999). Bio-flotation proaesy be defined as one in which
microorganism act as collectors or modifiers, mgkmossible the selective separation of
minerals. This concept of using microbes as flotatieagent is recent (Smith and Misra,
1993; Rao et al., 2010). Microorganism can modiy inineral surface either directly or



indirectly. The direct mechanism involves adhesibreells to mineral particles, while
indirect mechanism refers to the biological reagesnich as extracted metabolites acting
as surface active reagents (Sharma and Rao 1999asoisoluble fractions of
microorganism derived from their rupture (Schneiderl, 1994, Raichur et al 1997).
Presence of functional non polar groups (hydrocarlmhains) and polar groups
(carboxyl, hydroxyl, phosphate ....etc.) at the midab cellular or metabolic products
lend the microbial culture similar characteristidssurfactant molecules, so it is possible
to use microbial species as flotation reagentslactive separation for several systems
such as pyrite — coal (Raichur et al 1996), hematitjuartz and corundum — quartz (Deo
and Natarajan 1998), apatite — dolomite (Abdel-kKkatt al., 2009a, 2009b, 2007; El-
Mahdy et al., 2009, 2007; Zheng et al 1998), analocpyrite — pyrite (Sharma et al
2000). Recently, these applications in additiorotfeer microbial-mineral systems have
been reviewed by Rao and co-workers (2010). Inkbridhese researches have observed
that the interaction between microorganism and raingarticle led to significant
changes in the chemistry of the surface minerain&dypes of bacteria such as
paenibacillus polymyxa secrets exopolysaccharigestein and several organic acids
such as acetic, formic and oxalic acids. The atnecof bacterial cell wall plays a
significant role in bacterial adhesion to minerabstrates, peptidoglycan accounting to
40 — 90% of the dry weight of the cell wall is ctargly linked to other macromolecules
constituent which include several types of polykacicles and polyphosphates polymers
known as teichoic acid (Stanier et al 1993).Aldee tell wall of a bacterium can be
considered to be a layer of micro porous ion exghgrhaving the additional attribute of
containing non-ionic functional groups capable @mplexing with metal cations.
Recently, development in biotechnology has paved way for development of
alternative mineral beneficiation techniques. Mo mineral interactions yield results
that are of relevance to various applications:

1- Adhesion of microorganisms to mineral substratesltmg in bio film formation

2- Bio-catalyzed oxidation, reduction, complexatioml gmecipitation reactions,

3- Reactions of bacterial cells and metabolic produetth different mineral

constituents in an ore matrix.

The result of such biological processes is fornmfand conversion of various mineral
forms, surface modification, and selective dissotutof mineral constituents and bio-
accumulation of dissolved metal ions. Mineral scefehydrophobicity itself can be
brought about by controlled microbe mineral intéats metabolic products as well as
the bacterial cell components. It is well estaldhfrom previous study that either
paenibacillus polymyxa or its metabolite renders tlematite and corundum surface
hydrophilic (Deo and Natarajan 1997). However, Eminteractions make quartz surface
hydrophobic. Such difference in surface properties been utilized to efficiently
separate quartz from hematite and alumina (DeoNatdrajan 1997b). As mentioned
above, the mechanisms responsible for bio-minegakficiation are not fully known.
Further, it will be helpful to identify various psigochemical and biochemical
parameters that can affect microbial induced beraibn processes. In this work
interaction between microorganisms and hematitpartz was investigated.



EXPERIMENTAL TECHNIQUES
Materials

Samples of single minerals of hematite ,(B¢, quartz (SiQ) were delivered from
‘Wards’ Company, USA. The purity (99.9 %) of thergples was confirmed using XRF.
The —200 mesh fractions were used in adsorptionflatation studies. Analytical grade
HCI and NaOH, from Aldrich, were used for pH redidas

M ethods
Microor ganism Growing and | solation

28 gm of bacterial medium consisting of pepton&f{extracted, NaCl and mycological
Agar was dissolved in 1L of bi-distilled water. Thelution was autoclaved at T2
coiled and poured in Petri dish for solidificatioAfter that, about 0.5 gm from the
autoclaved solid was suspended in 100 ml of bilididtwater, 1 ml of solution was
poured on agar plate and then incubated at a teperof 37C for 24 — 48 hours.
Appearing different colored spots indicated the sprnee of different types of
microorganisms. The microorganisms were grown ipaaterial medium without agar
and incubated for 24 hr at 37°C.

The bacterial population can be determined by meagsuhe turbidity or the optical
density of the bacterial suspension using a UVblesspectrophotometer (Lambda 3B,
Perkin-Elmer). Because the turbidity is directlpportional to the number of cells, this
property was used as an indicator for bacteriatentration. The cells suspended in the
suspension interrupt the passage of light, alloiasg light to reach the photoelectric cell
and the amount of light transmitted through thepsuasion is measured as percentage
transmission (Sharma, 2001). The turbidity for cellspension is measured at a
wavelength of 55Qum against clear water as reference, at which tbé @eading is
equivalent to 10cells mL*. Five micro-liters of bacteria was centrifuged1&t000 rev
min™ and rinsed three times with double distilled wated thereafter, diluted in 200 mL
double distilled water.

Four different types of microorganisms were isaatgrown, counted and their
efficiency was screened using a laser particler sinalyzer. Based on the later test, one
of these four types of microorganisms (which showieel best efficiency) has been
selected to conduct this study. Microbiologicaléstigations indicated that this type of
bacterium (identified as Corynebacterium-diphtheitgtermedius) has 5 X 16ells mL*
(Abdel-Khalek and Farrah, 2004; Elmahdy, 2004).sehealues were used in calculating
the concentration of bacteria in the experiments.

Measuring Selectivity of Microorganismsto Mineral Surface

A laser particle size analyzer (FRITSCH Model Asalg2) was employed for measuring
size analysis of single minerals before and afteatinent with microorganism. Fixed



volume 10 ml of each microorganism was condition&ti one gram of each mineral for
60 minutes before recording the change in sizeiloiigion.

Adhesion M easurements

Adhesion of the microorganism on the mineral sw$awas determined by dry weight
difference before and after conditioning with thénenal particles. 0.5 gram of the
ground mineral (-200 mesh) was added to 80 ml efc#llular suspension with a fixed
initial concentration of the microorganism, and ditioned for 60 minutes after adjusting
the pH values. An additional time of 20 min. wakwkd for settling of the mineral

particles, after which 20 ml of the supernatant waléected in a porcelain crucible and
dried on a hot plate at 40 — 45°C. Adhesion studiese performed as a function of
difference in weight before and after drying.

Chemical Analysis

Routine chemical analysis of samples was conduscsety standard methods. Iron oxide
was determined by atomic absorption technique usiRgrkin- Elmer" Atomic
Absorption model "A Analyst 200". Silica content svaletermined gravimetrically.
Meanwhile complete chemical analysis of the sampias conducted using "Philips" X-
ray fluorescence (XRF).

Zeta Potential M easur ements;

A laser Zeta Meter ‘Malvern Instruments Model Z&mer 2000' was used for zeta
potential measurements. 0.01 g of ground samplephlaed in 50 ml double distilled
water with definite concentration of the microorigam at fixed ionic strength of 2xFM
NaCl. NaOH and HCL were used as pH modifiers. Tuepsnsion was conditioned for
60 minutes during which the pH was adjusted. Afieaking, the equilibrium pH was
recorded. It was then allowed to settle for 3 miter which 10 ml of the supernatant was
transferred into a standard cuvette for zeta piaternteasurement. Solution temperature
was maintained at 26. Five measurements were taken and the averageepaded as
the measured zeta potential.

Adsor ption M easur ements

The adsorption density of microorganism on the arah surface was determined by
adding 1 g dry sample of hematite or quartz tontfieroorganism solutions (50 &rin a

100 cn? volumetric flask. The mixture was shacked for 6thutes using a shaker
(Model JANKE & KUNKEL Type Vx10). The pH was adjest to the desired values
using HCIl and NaOH, after which the samples wergridaged at 15000 rpm for 15 min
to separate supernatant from the settled fractidre total organic carbon content



(residual concentration) in the supernatant wasrdgehed using a ‘Phoenix 8000’ Total
Carbon Analyzer". The average of three readingstakesn as a measure for the residual
concentration of organic carbon. All the experirsenere done at room temperature (~
25°C).

FTIR Measurements

Infrared absorption spectra were recorded for hiémaguartz and microorganisms
before and after interactions using Fourier tramsfomfrared spectrometer (Model FT/IR
6300). After interaction with microorganism, the nmial samples were thoroughly
washed using double distilled water and vacuumddrighe KBr pellet technique was
used to record the spectra. The difference spectuas obtained by subtracting the
spectrum of untreated minerals from that of intezdeninerals.

Flotation Experiments

A series of bench-scale flotation experiments veareducted using a modified Halimond
tube with 150 mL capacity. Samples of hematite guattz were conditioned with certain
concentration of the microorganism at different p&lues on a horizontal shaker for
certain conditioning time. In carrying out experimeg1 gram (of single minerals or their
binary mixture as well as natural ore) was firshaitioned with 135 mL solution for 1h
with certain concentration of microorganism at &iéint pH values, adjusted with dilute
solutions of NaOH and HCI. The flotation was cortddcfor 5 minutes under an air
follow rate of 0.7 cri/min. Both of the float and sink fractions wereleoted, dried,
weighted, and analyzed.

RESULTSAND DISCUSSION
Selectivity of Microorganism to Mineral Surface

The change in size distribution of single mineramples, hematite or quartz, after its
treatment with the microorganism was taken as asuoreafor the selectivity of
adsorption. Successful adsorption of the microasgamwill cause, therefore, a degree of
aggregation (or dispersion) for mineral particleading to a change in their size
distribution. The larger the change in size distiidn, the more selective the
microorganism to the mineral surface. This techesgwas successfully used to screen
different microorganisms for selective adhesionooapatite or dolomite surfaces (El-
Mahdy, 2004; Abdel-Khalek and Farrah, 2004; Boi2800). The change in size
distribution of each single mineral of hematite amqaéartz after treatment with the
microorganism (M.O.) was recorded, the results biclv are depicted in Figures (1-2).
These results show different degrees of variatiothe size distribution of samples after
their treatment with the microorganism. The micgamism showed, interestingly, the
largest degree of selectivity for hematite. Howe\erslight degree of dispersion for



guartz particles was noticed. Based on these awmlys has been decided to use this
microorganism in this study.
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Figure (1) Size distribution of quartz with M.O. Figure (2) Size distribution of henbativith M.O.

Surface Properties of Single Mineralsand Microorganisms

In a trial to understand the effect of microorgamsin enhancing bio-flotation of single
minerals, zeta potential of each single mineral+ogiganism system was studied. The
zeta potential measurements of the microorganisimseaas well as for each single
mineral (hematite — quartz) in absence and presehti®ese microorganisms have been
conducted. These measurements were performed steooionic strength of 2.0 xZM
NacCl. Figure (3) illustrates the zeta potentialsofgle minerals of hematite and quartz
while Figure (4) shows the zeta potential of thermswrganism alone. The latter depicts
that such microorganism is, more or less, hydroghwbnature where its zeta potential
values showed a minor change (from -2 mv to -6 awer the entire range of pH (from
pH 2 to pH 12).
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Fig.3: Zeta potential of hematite and quartz Fig. 4: zeta potential of MO



On the other hand, Figures 5 and 6 show the eftdctfixed concentration of
microorganism (1.0 X TOcells) on the zeta potential of single mineralscan be seen
that the iso-electric points for both minerals gig@ared after their treatment with the
microorganism. The surface of minerals became nmmgative with increasing the
concentration of the microorganism (results nowgtjo The surface of hematite becomes
more negative in the acidic medium till pH ~ 8.@eawhich the zeta potential starts to
become less negative to be close from that of tiseowrganism itself. On the contrary, a
little change in zeta potential of quartz was redi@fter treatment with microorganism.
These results clearly indicate that the natureuofase chemical changes brought about
by bacterial interaction could be different withagiz, in comparison to hematite.
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Figure (5).. Zeta potential of hematite in the absence and . Figure (6). Zetatential of quartz in the absence and
presence of M.O peace of M.O

Adsor ption | sotherms of Microor ganisms

The adsorption isotherm of the microorganism omichesingle mineral was also studied,
the results of which are shown in Figure (7). Thpegiments are performed at pH 6.0.
These results indicate that the adsorption demsitp hematite and quartz is generally
increases with increasing the concentration ofrtiieroorganism. Also, the adsorption
density at higher concentration of the microorganfer hematite is more than quartz.
Such higher bacterial affinity to hematite in comgan to quartz is readily evident. The
increased adsorption tendency of bacterial celte bematite at pH 6.0 can be attributed
to electrostatic forces. Besides electrostatic ésrchydrogen bonding and chemical
interaction also play significant roles in bacterideraction with these minerals. FTIR
studies (Deo and Natarajan, 1998) on bacteriak cald minerals before and after
interaction have strongly indicated the role of fogeen bonding and chemical
interaction. Such interactions between mineralaa@fand microorganism are seen to



result in significant surface chemical changes, ordy on the cell surfaces but also on
the interacted minerals (Deo and Natarajan, 1998).
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Figure (7)Adsorption isotherms of M.O. onto minerals surfaces

To understand the influence of such bio-modificatio enhancing the selectivity of the
bio-flotation process and the role of interactioetween mineral surface and
microorganism, FTIR measurements were conductedbdtin the microorganism and
single minerals. Figure (8), showed the existerfa®-61, C-C, CH, C-O, C-N and C=0
bands in decreasing order in the FTIR of microolgan These bands reflect the general
organic structure of microorganisms which are nyagdmposed of polysaccharides and
lipids (protein). Polysaccharides are defined agh hinolecular weight carbohydrates
containing many of monomeric units connected to anether by a type of covalent
bonds referred as a glycosidic bond (Brock etl&94).
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Fig.(8). FTIR of microorganisms

Meanwhile, amino acids are the monomeric units rotgin. Most amino acids consist
only of carbon, hydrogen, oxygen, and nitrogen. tétno contains two important
functional groups, a carboxylic acid group (-COO&t)d an amino group (-NH as
shown in its structure (Brock et al., 1994):
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R—T — C—OH

NH,
Structure of protein

These carboxylic (-COOH) and amino (-Hjroups may explain the presence of C-N,
C=0, and OH bonds shown in the FTIR of the micraargm. The concentrations of
O-H and C-C are predominant in Figure 8 since tlgeseps represent major constituents
in the structure of both polysaccharides and pmot&dsorption of microorganisms onto
hematite surfaces can take place first onto thesitive site of F& through the OH (of
the polysaccharides part) and/or the COOH of bb# golysaccharides or the protein
fractions of the microorganisms. This is confirnfeain the FTIR, shown in Figures (9)
and (10), where a band at 3675 tindicated the formation of hydrogen bond after
treatment of hematite with microorganisms. Suchupation of the bacteria to some of
the positively adsorption sites of hematite leaa reduction in the zeta potential of its
surfaces to be close from that of the microorganitsalf. The surface of hematite
became therefore, more or less, hydrophobic inreatu

Figure (9): FTIR for microorganism, hematite argdtreated surface with MO

In the mean time, the highly negatively chargedriguparticles due to the formation of
silanol groups might hinder the adsorption of baatdnstead, the adsorption of bacteria
in such a case can be proceeded through theinyagiamino (-NH) groups that exist
in the protein fraction, leaving the other negdyivRinctional groups to be directed
toward the medium. This also is confirmed from BI@R, shown in Figure (10), which
showed a band for hydrogen bond formation at 36@6 @fter adsorption of the
microorganism onto quartz surface.



T T - - - T N T T
& Coo 3500 3Ccoo 2500 2000 1500 1000 500

Figure (10) FTIR for microorganism, quartz and its treated acefwith MO

Microor ganism Adhesion onto Minerals Surfaces

Figure 11 shows the adhesion of microorganism d¢meosurface of single minerals at
different pH. The results confirmed that the adtwesof microorganism onto hematite
surface is higher than that onto quartz surfaceoedlr the pH range. Other authors
indicated that the adhesion of mycobacterium orgémndtite surface increases with
increasing the pH till reaches the maximum at p&h@ after which it starts to decrease
(Shashikala and Raichur 2002).
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Fig.11: Adhesion of MO onto single minerals



Flotation of Hematite -Quartz System with the Microorganisms

The floatability ofhematiteand quartz as a function of pH is presented inrféid 2. It can
be observed that, for both minerals, there is arease in floatability with the increase in
pH. Figure (12) illustrates a good floatability feematite, about 30% floated at pH 8 in
comparison to hematite. The best floatability oaiqa (~ 12 % floated) was obtained in
the pH range 8 - 12. These results are in accoedatt zeta potential (Figure 5) and
adhesion (Figure 11) measurements shown beforehwdepicted different response of
interaction between microorganism and each singherals, Figure (12).
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Figure (12) Effect of microorganism on the Floatability of pure minerals

Separation of a binary mixture containing about8%. FeO; and 10.5 % Si@gave a
concentrate assaying ~ 97.1 %®¢and 4.4 % Sigwith a recovery of ~61 %. Applying
the same conditions (1.0 »2L6ells at pH 8) on a natural iron ore ground ton%i8rons
(containing ~ 55.8 % FK©®; and 40 % Si¢) gave a concentrate of high grade (95.8 %
Fe0s3 and 2.0 % Si@with ~ 50.4 % recovery). These results indicate dpgolication of
such bio-beneficiation process represents promisalgniques for treatment of fine iron
ores.

Conclusions

* The results showed a strong interaction betweemrromiganisms and mineral
particles, especially with hematite. Adhesion, apgBon, FTIR and zeta potential
measurements showed the presence of microorgarisnes better affinity to
hematite mineral surfaces. These results showrdiftelegrees of variation in the
size distribution of single minerals after theeatment with the microorganism.
The microorganism showed, interestingly, the largi=gree of selectivity for



hematite. Also, the results of zeta potential skt the iso-electric points for
both minerals disappeared after their treatmertt thié microorganism. However,
the nature of surface chemical changes broughttabypbacterial interaction

could be different with quartz, in comparison torfagite. Higher bacterial affinity

to hematite in comparison to quartz is readily emidfrom the results of adhesion
of microorganism onto mineral surface where high&ues for adhesion with

hematite surface are noticed, all over the pH ramgecomparison to quartz
surface .

» At constant ionic strength, the change in the serfaroperties of mineral showed
a high influence for pH on the adhesion procesd,@aith physical and chemical
adsorption would be involved on particle—cell iaEions.

» The selectivity of hematite flotation against qmamvas observed in the
microflotation tests of a synthetic mineral mix.eTtesults show the potentiality
for using microorganisms as a collector at pH 8flotation systems where
concentrates of high F@; % and low % Si@can be obtained from low grade
iron ores.
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