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Abstract

The effect of a rhamnolipid biosurfactant produced by a Pseudomonas aeruginosa MAO1 strain on desulfurization of iron concen-
trates was studied. Surface tension measurement and frothing characterization indicated better surface activity and frothability of
rhamnolipid compared to methyl isobutyl carbinol (MIBC) as an operating frother. Reverse flotation tests using rhamnolipid either as a
sole frother or mixed with MIBC, showed that the desulfurization process is more efficient at pH 4.5 and high concentration of rhamno-
lipid in the presence of MIBC. However, under these conditions water recovery decreased due to the change in rhamnolipid aggregates
morphology. Results from the present study seemed promising to introduce the biosurfactant from Pseudomonas aeruginosa as a new

frother.
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1. Introduction

Synthetic chemicals from petroleum origins are now com-
ing to a turning point with regards to their hazardous problems
to living organisms. Concerns about environmental protection
and the safety surrounding health have introduced an interest in
developing biomaterials such as naturally occurring surfactants
(biosurfactants), biodyes, biopolymers, and fine chemicals [1].
Surfactants (surface active agents) are amphiphilic molecules
with both hydrophilic and lipophilic moieties. Biosurfactant is a
microbial origin surfactant produced as a co-metabolite by par-
ticular microorganisms. Due to its advantages over the synthetic
surfactant, i.e. high effectiveness, low toxicity to microorganisms
and environmental compatibility, biosurfactants have had more
and more environmental applications in recent years [2].

Among the various species of biosurfactants, much work
has been done on rhamnose containing microbial surfactants
produced by Pseudomonas aeruginosa strains. This ubiquitous
environmental bacterium can be isolated from many different
habitats including water, soil and plants. These Rhamnolipids
produced by P aeruginosa microorganisms are usually a mixture
of two or four species. They differ by the length of hydrophobic
chains (from C; to C,,), some of which are unsaturated with one
double bond. However, under usual growth conditions, two main
homologues are primarily obtained: monorhamnolipid (RL-1)
and dirhamnolipid (RL-2). Numerous articles consider the pro-
cess of microbial cultivation of rhamnolipid type biosurfactants
on different substrates and their potential application [3-10].

Although there are a number of studies related to the direct
application of microorganisms in flotation and flocculation of
minerals which are well reviewed by Hanumantha Rao et al. [11]
and Khoshdast and Sam [12], few scientific researches which ap-
ply biosurfactants have been found. The only available work on
using rhamnolipid biosurfactants in flotation of coal and min-
erals was done by Fazaelipoor et al. [13]. They studied frothing
characteristics and flotation applicability of rhamnolipid type
biosurfactants as a frother. These biosurfactants showed bet-
ter surface-activity and static frothability, i.e. frother height and
half-life, in comparison with methyl isobutyl carbinol (MIBC).
However, some points challenging the results reported by Faza-
elipoor et al. [13] are: 1) diesel oil being used as a biosurfactant
solvent. After solvent evaporation, heavy hydrocarbon residuals
of diesel oil would remain which increase the impurity of crude
biosurfactant. This low purity of their product (< 50%) disputes
the validity of surface tension and frothing characterization re-
sults; 2) only two point values were reported in their work for
reporting frothability results; whereas, least reliable point value
is four; and 3) all types of coal are of relative natural hydropho-
bicity. Thus, flotation applicability of biosurfactant in this study
would not be highly reliable. However, products of 72-79% recov-
ery with 10-15.5% ash content supporting 55-57.5% efficiency
seem to be promising to introduce rhamnolipid type biosurfac-
tants as a new “biofrother”.

In this research we report the production of a biosurfactant in
concentrated form from a bacterial species named P aeruginosa,
the biosurfactant physical/chemical and frothing characteriza-
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tion, and its application to iron concentrate desulfurization us-
ing flotation as a frother and/or co-frother.

2. Materials and Methods
2.1. Microorganism, Media and Growth

A pure strain of P aeruginosa MAO1 (accession no. GQ478669)
was obtained from the Molecular Genetics Laboratory at Nation-
al Institute of Genetic Engineering and Biotechnology (NIGEB)
in Tehran, Iran. The soybean oil-mineral salts medium was used
consisting of: soybean oil (40 g/L ), NaNO, (3 g/L), MgSO,-7H,0
(0.25 g/L), KH,PO, (0.25 g/L), yeast extract (1 g/L), and distilled
H,O to 1,000 mL. Seed culture was prepared by transferring a
loopful from a fresh culture grown onto nutrient agar slant into
25 mL of mineral salts medium contained in 250-mL Erlenmeyer
flask. The flask was incubated at 200 rpm and 30°C for 24 hr.

2.2. Biosurfactant Production

Rhamnolipid production was carried out in 2-L Erlenmeyer
flasks containing 700-mL aliquots of the fermentation medium
under test. The flasks were inoculated with the seed culture at 2%
v/v and incubated under shaking conditions (200 rpm) at 30°C
for 10 days. The cell suspension was centrifuged (Sigma model
6-16K; SIGMA Laborzentrifugen GmbH, Osterode am Harz,
Germany) 16,000 x g for 15 min at 4°C to prepare the cell-free
supernatant (CFS). The CFS was acidified with 1 N HCI to pH 2
and left overnight at 4°C to precipitate rhamnolipids. The pre-
cipitate was harvested by centrifugation at 18,000 x g for 50 min
at 4°C. Afterwards, the precipitate was washed by acidified (pH
2) distilled water and centrifuged at 18,000 x g for 10 min at 4°C.
Rhamnolipid was mixed with an equal volume of ethyl acetate,
vigorously shaken for 10 min, and centrifuged at 18,000 x g for 15
min at 4°C. Finally, the pooled organic phase was transferred to
anew vessel and evaporated under vacuum (Buchi model R-200;
Buchi Labortechnik AG, Essen, Germany) at 40°C. After solvent
evaporation, about 9 g of a viscous honey-colored biosurfactant
product was extracted per liter from the culture medium.

2.3. Characterization of Biosurfactant

The crude biosurfactant had some impurities. Therefore the
purification of crude biosurfactant was carried out using column
chromatography according to the method of Sanchez et al. [6]
with minor modifications. Briefly, a slurry of 20 g silica gel 60 in
chloroform was poured into a glass column chromatography
(2 x 40 cm). 2 g of crude biosurfactant was dissolved in 4 mL of
chloroform and loaded onto the column. The purification was
carried out by washing the column at a flow rate of ca. 1 mL/
min with chloroform (to elute neutral lipids), followed by chlo-
roform: methanol 50:5 (to elute monorhamnolipid fraction) and
finally chloroform: methanol 50:50 (to elute dirhamnolipid frac-
tion). Then purified fractions were mixed and the solvents were
removed under vacuum and finally, freeze-dried. Each fraction
was analyzed using Fourier-transform infrared (FTIR) spectros-
copy (Nicolet 6700 FTIR; Thermo Scientific Inc, Waltham, MA,
USA) and electrospray mass spectrometry (ES-MS) in an Agilent
model LC-MSD-Trap-VL (Classic series; Agilent Technologies,
Santa Clara, CA, USA) equipment. For FTIR analysis, a purified
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biosurfactant sample was placed in between two CaF, windows,
without spacers, and the set was mounted in a thermostated
cell holder. The sample holder was thermostated at 25°C using a
Peltier device (Proteus system from Nicolet). Each spectrum was
obtained by collecting 256 interferograms with a nominal resolu-
tion of 2 cm™'. The equipment was continuously purged with dry
air in order to minimize the contribution peaks of atmospheric
water vapor. The chemical structure of the purified fractions was
analyzed by scanning from m/z 950 to 150 using ES-MS. The ac-
quisition parameters were: ion polarity negative, electrospray
ionization (ESI) ion source type, dry gas flow-rate 6 L/min, nebu-
lizer pressure 30 psi, temperature 325°C, and the capillary exit
was held at -127.3 V. The trap drive values were close to 50, indi-
cating intermediate stability for our compounds.

2.4. Surface Tension Measurement

The surface tension was measured by using the ring method.
The measurement was conducted under ambient conditions
with a Lauda tensiometer (model TD1-C; Lauda, Lauda-Konig-
shofen, Germany) equipped with a platinum ring. The volume of
the samples was 10 mL. Each measurement was replicated three
times and an average value was reported.

2.5. Frothing Characterization

The experiment for froth characterization was performed in
a glass cylinder with a height of 100 cm and an inner diameter
of 5 cm. An 85 mesh ceramic air sparger was at the bottom of the
column. To determine equilibrium frothability, the variation in
equilibrium froth height was measured as a function of air flow
rate. Results from equilibrium frothability were applied to calcu-
late the dynamic frothability index (DFI). Froth characteristics of
the biosurfactant were compared with those of MIBC as a con-
ventional frother.

2.6. Reagents and Reverse Flotation Tests

A bulk iron concentrate sample (d,, = 75 pm) was obtained
from Gol-e Gohar Iron Ore Complex, Sirjan, Iran. Two series of
tests were conducted at pH values of 7 + 0.2 and 4.5 + 0.2, re-
spectively. In our previous work, the optimum pH value for pyrite
flotation was found to be 4.5 due to the improved activating per-
formance regarding the collector (Unpublished). The pH value
of 7 had also been selected since it was the best solution condi-
tion rhamnolipids shows its maximum surface activity The pH
values were adjusted using sulfuric acid. Potassium amyl xan-
thate (PAX) was used as a conventional collector (120 g/t). MIBC,
rhamnolipid biosurfactant, and mixtures of them were used as
the frother. Batch tests were carried out using a D-12 Denver flo-
tation machine (Legend Inc., Sparks, NV, USA) equipped with a
1-L cell. With the amount of ore used, the pulp density of the
flotation feed became about 20% solids by weight. Flotation gas
rate was based on the natural suction of air into pulp through
the shaft of an impeller set at 1,000 rpm. Each sample was condi-
tioned for 5 min. Then PAX collector was added and conditioned
for 3 min. After conditioning, the requisite amount of frother was
added and conditioned for another 2 min. Flotation was contin-
ued for 3 min. Collected samples were filtered, dried, weighed,
and analyzed for sulfur and iron content.
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2.7. Elemental Analysis

Samples were analyzed at the Central Laboratory of Gol-e
Gohar Iron Ore Compley, for their iron and sulfur content mea-
surements. In order to determine Fe contents, 1 g of each sample
was transferred into a 1,000 mL Erlenmeyer flask containing 15
mL of concentrated HCIL. The solution was then heated to just
below boiling on the hot plate until the ore dissolved. After the
solution cooled, distilled water was added to bring the volume to
1,000 mL. The 500 mL of solution was then transferred into a 500
mL Erlenmeyer flask and 5 drops of sulfuric acid was added. Af-
terwards, 50 mL of acidified solution was again transferred into
a 100 mL flask and 10 mL of 10% ascorbic acid was added. After
waiting only about 10 sec, 10 mL of buffer solution of pH 3.7 +
0.1 and 10 mL of 0.5% ortho-phenanthroline was also added to
the solution. Final solution was left for 30 min and Fe content
was photometrically measured at a wave length of 546 nm. Sul-
fur content was measured using a Stroehlein Analyzer (model
CS-mat 6250; Labexchange, Burladingen, Germany) on the
base of the instrument’s instruction manual. Tungsten powder
and iron chips were used as co-smelter and accelerator, respec-
tively. Analysis showed that the bulk iron concentrate contained
0.332% sulfur and 70.68% iron.

2.8. Water Recovery Measurement

At a constant aeration rate and froth height, the recovery of
water depends on the stability of the froth phase [14]. The sta-
bility of the froth phase is determined by the stability of liquid
lamellae between gas bubbles, which in turn affects the froth
water content [15, 16]. Therefore, the water recovery of the con-
centrate can be used as a parameter to evaluate the stability of
a froth zone [17]. In this regard, the water content of collected
froths was weighed and used for water recovery calculations as a
measure for three-phase froth stability investigations.

3. Results and Discussion
3.1. Characterization of Biosurfactant

FTIR and ES-MS were used to determine the chemical
structure of purified biosurfactant (data not shown here). FTIR
analysis showed the glycolipid nature of the produced biosur-
factant by P aeruginosa MAO1. Analysis of crude biosurfactant
using analytical TLC with an anthrone reagent showed two ma-
jor components and confirmed the presence of sugar moiety in
the composition of biosurfactant. Results from ES-MS indicated
the presence of three major monorhamnolipid species: R,C, C,,
RC,C,, and R C C ; as well as another three major dirham-
nolipid species: R,C,,C,, R,C,,C,, , and R,C C,,. Among these
compounds, R,C, C ;and R,C C  with a0.5:0.5 molar ratio were
the major components of produced rhamnolipid by MAO1 strain.
The rhamnolipid product was of 98% purity. Fig. 1 shows the
drawn wire frame model of these components drawn by Chem-
Site Pro demo software (ChemSW Inc., Fairfield, CA, USA) [18].

From Fig. 1, molecular weight (Mw) of the rhamnolipid prod-
uct can be determined by adding the atomic weights of all the

atoms in the formula together [19], and finally:

MWergermamnolipia = 0.5Mwy; , +0.5Mwy ,
=0.5x504+0.5x650 =577
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Fig. 1. Identified structure of mono-rhamnolipid (R,C,,C,,, a), and
di-rhamnolipid (R,C,,C,y, b) produced by Pseudomonas aeruginosa
MAO1 strain.

Amphiphilicity is a fundamental characteristic of any frother. To
quantitatively assess it, the so-called hydrophile-lipophile bal-
ance (HLB) is widely used, which indicates the relative strength
of the hydrophilic and hydrophobic portions of the molecule
and can be used to characterize the relative affinity of frother in
the water and gaseous phase [20]. Among all experimental and
computational methods, Davies’ method has been most widely
used to determine a surfactant’s HLB number, as follows [21]:

HLB =7+ Z (hydrophilic group numbers)+

1)
z (lipophilic group numbers)

From Fig. 1, one can obtain:

HLB

i = 1 +2. 1(7COOH> +2.4 o0, t2x(1 .3)'707)

+3%(=0.475) oy, +14x(=0.475) ¢y, ,
+7%(=0.475) ey, +3%x(1.9) _op, = 8.3

HLBy , =T+2.1 _coom + 24 _coo_, +4x(13) o,
+4X(~0.475) oy, +14%(-0.475) ¢y,
+12%(=0.475) gy + 5% (1.9) oy, =11.95

Thus,
HLB

Crude Rhamnolipid

=0.5x HLB,, ,+0.5x HLB,, , =10.17
3.2. Surface Tension Measurements

Different concentrations of biosurfactant in distilled water
were prepared, and the surface tension for each sample was
measured. The same was done for MIBC. Fig. 2 shows the results.
The results indicate the improved ability of the biosurfactant to
reduce surface tension of water compared to that of MIBC. There
might be two reasons responsible for these results. First, rham-
nolipid biosurfactant has a much higher molecular weight com-
pared to MIBC (102.17 g/mol). This higher Mw leads to a more
viscous, and hence more stable liquid lamellae. Second, there is
only one ~OH group in MIBC and this group will interact with
water molecules to form an oriented monolayer at the surface.
However, in biosurfactant, there are several oxygenated units in

http://www.eer.or.kr



eelr

Hamid Khoshdast, Abbas Sam

80

3

60 1

% Ai —o— MIBC
---®--- Rhamnolipid

Surface tension (mN/m)

30 A e

20 T T T T
100 150 200 250

Surfactant concentration (ppm)

Fig. 2. Comparison between the biosurfactant and methyl isobutyl
carbinol (MIBC) in reducing surface tension of distilled water.

the molecular chain (Fig. 1) and each unit can interact with water
molecules through hydrogen bonding, causing the molecules to
tend to lie flat at the surface, possibly increasing the viscosity of
the liquid film.

3.3. Frothing Characterization

Frothers, which are usually non-ionic heteropolar mol-
ecules, were added to create a reasonably stable froth. The po-
lar end of a frother molecule forms hydrogen bonds with water.
The non-polar end concentrates at the air/water interface. This
phenomenon alters the surface tension of water. Changing the
surface tension of water is a measure of the surface activity of
surfactants. In general, an increase in surface activity results in
increased frothability and froth stability [22]. Surface tension
measurements showed that at equal concentrations, the biosur-
factant had higher surface activity. So, the biosurfactant may be
expected to show better frothability compared to MIBC. Since
the ability to reduce the surface tension of water is not the only
parameter for the evaluation of the frothability of a surfactant,
the height of froth produced by the rhamnolipid product was
compared to that of MIBC. For this purpose, the equilibrium
height of froth was measured as a function of aeration rate at
different surfactant concentrations. Fig. 3 shows the results. A
statistically paired t-test showed a significant difference between
froth heights produced by the surfactants [23]. Rhamnolipid pro-
duced higher froth heights compared to MIBC.

Due to the fact that there are some limitations in only using
froth height to explain the frothing capacity of frothers, DFI is
aimed to characterize flotation frothers [24]. The DFI is actually
derived from equilibrium data and is a proprietary characteris-
tic of any frother. In order to determine the DFI of a frother, the
volume of produced froth is plotted against gas flow rate to cal-
culate the retention time of froth:

AV

AQ
where rt is the froth retention time (s), V the gas volume (in liq-
uid and foam, cm?®) and Q the gas flow rate (cm?®/sec). For weaker
frothers, the curves are concave and in such cases it is easy to

identify the linear part, which is in accordance with Eq. (2). For
the more powerful frothers, the volume-gas flow rate plots do

rt

)
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Fig. 3. Froth height as a function of air flow rate at different concen-
trations of surfactants. MIBC: methyl isobutyl carbinol.

not lend themselves to easy analysis. At concentrations higher
than 10 ppm, it was observed that in the experiments with
rhamnolipid, the recording and reproducibility of froth height
measurements was poor. The foam’s character was, in this case,
visibly different. It appeared to be getting attached to the walls
of the container due to very high stability and it was difficult to
read exactly the height of the foam. Fortunately, only the V=f(Q)
curves for low frother concentrations are important for the de-
termination of DFI, and these curves can easily be linearized for
strong frothers [24]. The DFI was calculated using the following

relationship [25, 26]:
DFI = (@j
oc ).y

The DFI values for rhamnolipid and MIBC used in this study
were obtained 597,091 and 34,670 s.dm?®/mol, respectively. These
values show how much the froth produced by rhamnolipids
can be stable which may be a disadvantage for a surfactant to
be accepted as a flotation frother, because froths with extra high
stability cause problems in downstream processes such as thick-
ening, pumping, etc. Fortunately, in the reverse flotation tests of
this study, collected froths were observed to have an appropriate

3)
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Fig. 4. Iron recovery to the floated products (tailings). MIBC: methyl
isobutyl carbinol.
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Fig. 5. Fe grade in the floated products (tailings). MIBC: methyl iso-
butyl carbinol.

stability and collapsed immediately after being discharged from
the cell, which fwas probably due to their low solid content.

3.4. Reverse Flotation Tests

Figs. 4 and 5 show iron recovery and grade for floated prod-
ucts (tailings), respectively. As seen, at both pH values iron re-
covery and grade increase by rhamnolipid concentration either
in the presence and absence of MIBC. Sulfur content in products
that remained in the cell (concentrates) is shown in Fig. 6. As
shown, at pH 4.5, sulfur content decreased by increasing rham-
nolipid concentration. By comparing Figs. 4 to 6, the increase in
iron by increasing rhamnolipid concentration can be ascribed to
the improved recovery of pyrite minerals. In contrast, at pH 7,
the variations of sulfur content are not considerable. Thus, the
improved iron recovery to the floated tailings may be due to car-
rying valuable iron minerals, i.e. magnetite and hematite, to the
froth. It is known that the zero points of charge for hematite and
magnetite are obtained at pH values of 5 and 6.5, respectively
[27]. In addition, the optimum pH value for an efficient flotation
result of pyrite is 4.5. Therefore, the decrease in pyrite content of
the floated product by increasing pH from 4.5 to 7 can be mainly
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Fig. 6. Sulfur content in the remaining products (concentrates).
MIBC: methyl isobutyl carbinol.
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Fig. 7. Water recovery values for flotation tests at different pH val-
ues. MIBC: methyl isobutyl carbinol.

ascribed to loosing efficiency of anionic PAX collector used in
this study. The reason for increasing iron recovery at both pHs
by increasing rhamnolipid concentration may be due to the high
frothing power of rhamnolipid relative to MIBC. Referring to mo-
lecular weight-HLB diagram (26, 28, 29], rhamnolipids with their
very high molecular weight and HLB value can be categorized as
a "powerful" frother; MIBC with smaller molecular weight and
HLB can act more "selectively". Khoshdast et al. [30] compared
frothing power and selectivity of rhamnolipid biosurfactants
with frothers commercially used in mineral flotation practices.
They showed that rhamnolipids act more powerful improv-
ing the flotation of coarse and highly dense particles. Whereas,
MIBC showed better selectivity and could be applied in the flota-
tion of fines. Therefore, the increase of iron content in the floated
products by rhamnolipid concentration can be ascribed to the
improvement in the carrying capacity of bubbles for dense par-
ticles of iron bearing minerals.

3.5. Water Recovery Measurements

Water recovery values for test plans are shown in Fig. 7. At pH
7, water recovery increased by increasing the rhamnolipid con-
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Fig. 8. The pH-sensitive conversion of molecular aggregates of
rhamnolipids [31, 32].

centration. In the absence of MIBC, water recovery significantly
increased as rhamnolipid concentration increased. At pH 4.5,
water recovery decreased by increasing the rhamnolipid concen-
tration. As pH decreased into an acidic condition the morpholo-
gies of rhamnolipid molecules aggregates were reversibly altered
from micelles to lipid particles, then lamella and finally to vesi-
cles (Fig. 8) [31]. These changes were attributed to the molecular
structure and charge of the rhamnolipid [33]. Considering that
the pKa for rhamnolipid is 5.6, the negative charge of the polar
head of the rhamnolipid would decrease when the pH decreased
from neutral to acidic values and thus, the interaction between
the polar heads of the rhamnolipid with water molecules would
also decrease and finally, the surface activity of rhamnolipid
would decrease [31, 34, 35]. Therefore, at this condition, water
recovery has been influenced by MIBC concentration and de-
creased by the decrease in MIBC concentration. In the absence
of MIBC, although water recovery increased by rhamnolipid
concentration it is still lower than MIBC system. These results
imply how inefficient rhamnolipids were at acidic pH values.

4, Conclusions

The following conclusions can be drawn from this work: 1)
The rhamnolipid product showed better surface activity and
frothing capacity compared to MIBC due to its higher molecular
weight and multi-oxygenated structure, 2) Desulfurization of an
iron concentrate was studied through a set of reverse flotation
tests using rhamnolipid either as the sole frother or mixed with
MIBC. Results showed that iron recovery on the floated prod-
uct increased by rhamnolipid concentration. In addition, sulfur
content of the remaining concentrate decreased as rhamnolipid
concentration increased, 3) Water recovery from rhamnolipid
significantly decreased as pH decreased to an acidic condition.
This is due to the morphological changes of rhamnolipid aggre-
gates from micelle to vesicle decreasing surface activity of rham-
nolipid biosurfactant.

Although having good frothability and biodegradability
makes this biosurfactant a promising frother in flotation practic-
es; more detailed studies are required to confirm if rhamnolipids
have the appropriate capability to be accepted as an alternative
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regarding conventional synthetic frothers. Moreover, another
question concerns whether or not rhamnolipids have the proper
collecting properties in order to make the interaction with the
surfaces of minerals possible.
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