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Abstract Application of microorganisms as surface modi-
fiers has focused our attention in recent times. The adsorp-
tion of biosurfactants can be a way for the solid surface
modification. In the present investigation rhamnolipids pro-
duced by Pseudomonas aerugiosa were used to make the
hematite surface modification. Experiments were carried out
with pure mineral hematite. In this paper, the influence of
biosurfactant addition on both the stability and the flotabil-
ity of hematite suspensions has been studied in detail. The
stability experiments were conducted using Turbiscan LAb

apparatus, at constant pH conditions and mineral amount.
The flotation experiments were carried out using Hallimond
tube. The adsorption isotherms of biosurfactant onto the
hematite particles were also determined. The experiments
were carried out with broth and pure rhamnolipid. The re-
sults of those experiments were compared and discussed.

Keywords Biosurfactants · Rhamnolipid · Adsorption ·
Sedimentation · Flotation · Hematite

1 Introduction

Microorganisms are capable of generating biosurfactans
which find use in the mineral surface modification. The util-
ity of extracellular metabolic products of both bacteria and
yeast in selective flotation and flocculation has been reported
(Botero et al. 2008). Biosurfactants are biological surface-
active compounds released by microorganisms that can have
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some influence on the solid/water interfaces. These com-
pounds manifest the properties similar to the well-known
synthetic surfactant family but they are easily for environ-
mental bioremediation.

Yeast and bacteria can produce biosurfactants from var-
ious substrates including sugar, oils, alkanes and organic
wastes. Most of biosurfactants are either anionic or neutral,
while only a few with amine groups are cationic (Mukherjee
et al. 2006). Biosurfactans include a wide variety of surface
active compounds such as: (i) glycolipids, (ii) lipoproteins-
lipopeptides, (iii) phospholipids, (iv) lipopolysaccharides.

Growth of bacteria and yeast in the presence of various
minerals results in the adsorption of extracellular biosurfac-
tants and other metabolic products on the mineral surface. In
order to characterize the behavior of biosurfactant, the sur-
face excess and the rate of adsorption should be investigated.

Biosurfactants have advantages over their chemical coun-
terparts in biodegradability and effectiveness at extreme
temperature or pH and in having lower toxicity (Banat et
al. 2000).

Biosurfactant molecules reduce surface tension, effect on
the critical micelle concentration (CMC) and interfacial ten-
sion (IFT) in both aqueous solutions and hydrocarbon mix-
tures (Das and Mukherjee 2005).

Pseudomonas aeruginosa shows an overproduction of
rhamnolipid biosurfactant when the culture reaches the
stationary growth phase due to limitation of the nitrogen
source. Four different rhamnolipid homologues, secreted by
this strain, have been identified and characterized. These
homologues contain one or two molecules of rhamnose
as the carbohydrate component and one or two residues
of β-hydroxydecanoic acid as the lipid moiety (Sim et al.
1997).

Adsorption of surfactants and biopolymers (proteins) at
the solid-liquid interfaces is used widely to modify sur-

mailto:zygmunt.sadowski@pwr.wroc.pl


234 Adsorption (2010) 16: 233–239

face properties of solids in a variety of industrial processes
such as flotation, flocculation and oil recovery (Micro-
bial Enhanced Oil Recovery-MEOR) (Bordoloi and Konwar
2008). The role of fractionated proteins from Paenibacillus
polymyxa in selective mineral separation was demonstrated
(Patra and Natarajan 2008).

This study aimed to provide some experimental bases for
application of biosurfactants in the mineral surface modifi-
cation. Particularly, we describe the adsorption of pure bio-
surfactant and from the crude fermentation medium (broth)
on the hematite particle surface. Additionally, the stability
and the floatability of hematite suspension after establishing
a contact with pure rhamnolipid and the crude broth were
investigated.

2 Materials and methods

2.1 Mineral preparation

The sample of hematite used in this study was purchased by
Ward’s Natural Science, Rochester, NY (USA).

Three particle classes of mineral were obtained: −40 µm,
+40–125 µm and +125–300 µm. The specific surface area
of the samples measured with the FlowSorb II 2300, ac-
cording to the BET method, was: 1.748 ± 0.012 m2/g,
0.2135 ± 0.011 m2/g and 0.1524 ± 0.0188 m2/g respec-
tively. As a gas the mixture of helium and nitrogen was used.

2.2 Microorganism and culture media

The bacterial strain used in experiments was Pseudomonas
aeruginosa. Microorganisms were isolated from soil. The
soil samples were collected from gas station soil. Bacteria
were grown in liquid medium consisting of 2.0% mannitol,
0.4% NH4NO3, 0.4% KH2PO4, 1.43% Na2HPO4·7H2O,
0.0096% MgSO4, 0.0010% FeSO4·7H2O, a pinch of CaCl2
and EDTA. These chemicals were used as received with-
out further purification. The strain was cultured in 250 ml
Erlenmeyer flasks. The cultures were incubated in a rotary
shaker at the room temperature. The cell growth was mon-
itored by measuring the optical density at 600 nm (OD600).
After 72 h culture was centrifuged and the supernatant was
used for further experiments as a broth. The concentration of
biosurfactants in a broth was estimated by determining the
rhamnose concentration (George and Jayachandran 2009).

2.3 L-rhamnose analysis

The rhamnolipid amount was determined indirectly by mea-
suring amount of rhamnose in broth solutions (Rahman et
al. 2002). The standard curve for rhamnose was determined.
Three reagents were used: 1. Sulfuric acid: concentrated

(95%) sulfuric acid (90 ml) was added to 15 ml of distilled
water cooled in ice, 2. Thioglycolic acid: 0.1 ml of thiogly-
colic acid was diluted to 3 ml with water just before use
and rhamnose standard: 4 mg of L-rhamnose was dissolved
in 100 ml of water (40 µg/ml) just before use. Aliquots of
the standard of L-rhamnose solution (0 to 1.0 ml by 0.1 in-
crements) were transferred by pipette to test tubes, and the
volume was brought to 1 ml with water. Sulfuric acid so-
lution (4.5 ml) was added. The solution was then heated in
boiling water for 10 min. The tubes were cooled in cold wa-
ter. Thioglycolic acid solution (0.1 ml) was added, and the
content was mixed. The tubes ware kept in the dark for 3 h.
The absorbance was measured at both 400 nm and 430 nm
against the blank.

2.4 Adsorption measurements

The second step was to determine the curve for broth. 1 ml of
L-rhamnose standard was replaced by 1 ml of broth solution
(0.5–30% v/v).

The third step was to define relation for mixture of broth
and hematite. To achieve this aim, eight broth solutions were
made. 0.75–15.0 ml of broth was transferred into the flasks
and the volume was brought to 50 ml with distilled water.
Then solutions were added to the vessels containing 0.5 g
of hematite. After 24 h of equilibration at the room temper-
ature, samples were centrifuged (1 h, 4200 rpm) and 1 ml
of each supernatant was taken to the further experiments,
according to the procedure mentioned above.

2.5 Sedimentation experiments

Sedimentation measurements were performed using a Tur-
biscan LAb.(Formulaction, France). This apparatus allows
the investigation of the stability versus height measure-
ments. An optical head using a near infrared light (850 nm)
vertically scans a height of 65 mm long, recording the trans-
mitted and backscattered intensities. The sedimentation ex-
periments were carried out at the constant pH and tempera-
ture (20 °C). The concentration of biosurfactant solution var-
ied from 1.5 to 30% v/v. Each sample consisted of 0.2 g of
hematite and 20 ml of suitable biosurfactant solution added
into Turbiscan cell. After 24 h of equilibration the sam-
ples were investigated using Turbiscan Lab apparatus, which
gave transmission and backscattering data over the length
of the cell. The sedimentation rate was evaluated from the
change of backscattering intensity with running time.

In order to determine data for pure rhamnolipid (from
Jeneil Biosurfactant Co., USA), the same procedure, includ-
ing adsorption isotherms and sedimentation experiments,
was carried out. In this part, nine concentrations of rham-
nolipid solutions were used (20–100 ppm).
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Fig. 1 Changes surface tension
of broth and bacteria cell
density during cultivation of
Pseudomonas aeruginosa

2.6 Zeta-potential measurements

The electrophoretic mobility of fine hematite particles
(−40 µm fraction) before and after interaction with the
broth solutions were determined using Nicomp™ 380 in-
strument (Santa Barbara, USA). 10−3 M NaCl solution was
used as indifferent electrolyte. The zeta potential profiles
for hematite were carried out in absence and presence of
biosurfactant (broth solution).

2.7 Microflotation procedure

The flotation of hematite samples was carried out using a
modified Hallimond tube. An amount of 1.0 g of +40–
125 µm fraction of hematite was used in flotation exper-
iments. Prior to flotation, the hematite sample was condi-
tioned with pure rhamnolipid or the broth solution and the
pH was adjusted. The bioreagent was conditioned onto the
mineral suspension for 30 min. The suspension was trans-
ferred to the Hallimond tube and floated. The flotation re-
covery was calculated as the ratio of floated and unfloated
mineral particles.

2.8 Surface tension measurement

The surface tension of the crude fermentation medium was
measured using Du Nouy ring analysis system (Krüss K-11).
The surface tension measurements were carried out at room
temperature 20 °C. All of the measurements were repeated
five times and their average values were used.

3 Results and discussion

The surface tension of the culture supernatant of Pseudo-
monas aeruginosa was measured as a function of cultivation

time. Also, the microbial growth was conducted by measur-
ing the turbidity of the culture medium in order to determine
the change in the bacteria cell density. As shown in Fig. 1,
the highest bacterial cell density appears at cultivation time
of 20 h. The highest of surface tension reduction of the cul-
ture media was achieved for 16 h. Under the studied condi-
tions, the log phase occurred, and ranged from 15 to 25 h. In
this period, the surface tension of the culture medium was
strongly reduced.

The biosurfactant produced by Pseudomonas aeruginosa
is rhamnolipid. The concentration of biosurfactant was mea-
sured by reverse phase HPLC with a Techsphere 5 µm col-
umn (Lin et al. 1998).

Although the adsorption of ionic surfactants on charged
solid surfaces has been the topic of many scientific investiga-
tions, the biosurfactant adsorption has been investigated less
frequently (Hong et al. 1996; Shashikala and Raichur 2002).
The amphiphilic nature of biosurfactants makes them adsorb
readily to the solid-liquid interface. The adsorption of bio-
surfactans from the broth solution onto hematite particles
is shown in Fig. 2. This adsorption experiments were real-
ized at constant pH (pH = 7.3). As observed in Fig. 2, the
adsorption increases systematically at the low concentration
range (12 ppm). Above this concentration the experimental
isotherm is practically linear. Finally, it can be observed in
the figure that the saturation of the adsorption is reached at
the concentration range of 60 ppm. The shape of adsorption
isotherm perhaps is related to the solid-surfactant interac-
tion. The adsorption plateau was reached at 21 mg/m2 for
−40 µm fraction and 2.8 mg/m2 for +40–125 µm fraction
respectively. It should be noted, that the adsorption capaci-
ties of biosurfactant from culture media onto coarse particle
fraction (+40–125 µm) were relatively low. Rhamnolipids
contain a hydrophilic head formed by one or two rhamnose
molecules and a hydrophobic tail composed of one or two
fatty acid chains.



236 Adsorption (2010) 16: 233–239

Fig. 2 The adsorption isotherm
of biosurfactant from broth onto
hematite

Fig. 3 The adsorption isotherm
of pure rhamnolipid onto
hematite

The observed differences between the adsorbed amounts
of rhamnolipid (biosurfactant) are caused by the different
specific surface areas of used the hematite fractions.

The adsorption behavior of pure rhamnolipid onto hema-
tite (−40 µm fraction) suspension is presented in Fig. 3.
Significant differences have been observed between the
isotherms of pure rhamnolipid and rhamnolipid obtained
from bacterial broth. For pure rhamnolipid isotherms show
an increase in the vicinity of 15 ppm. The surface saturation
of pure rhamnose was 1.2 mg/m2 for +40–125 µm fraction
and approximately 6 mg/m2 for −40 µm fraction. These val-
ues were lower than for rhamnolipid obtained from broth.

These differences suggested that in case of rhamnolipid ad-
sorbed from culture solution, the biopolymer-biosurfactant
coadsorption can be observed.

However, the potential interference from compounds pre-
sented in culture broth has not examined. The adsorption
of both surfactant and polymers is strongly influenced by
the molecular structure. In case of the crude fermentation
medium used for the mineral surface modification, this prob-
lem is significant.

This suggestion can be supported by the stability of
hematite water suspension in the presence of broth and pure
rhamnolipid. The effect of the biosurfactant addition on the



Adsorption (2010) 16: 233–239 237

stability of hematite is shown in Fig. 4, which presents the
backscattering value BS (%) for certain time (50 min) for
each concentration. The difference between fermentation
medium and pure rhamnolipid suspensions was observed
especially at the low biosurfactant addition. The hematite
suspension shows a tendency to flocculation with increasing
broth concentration.

Surprisingly, when pure rhamnolipid was added, the
strong flocculation was observed at a low concentration
of reagent (at 7 ppm). Then the hematite suspension be-
comes more stable with increasing rhamnolipid concentra-
tion. Therefore, it can be considered that the hematite par-
ticles in pure rhamnolipid solution are sterically stabilized
by the thick layer of biosurfactant. The broth is a mixture
of metabolic products which contains some macromole-
cules such as polysaccharides and proteins. The adsorption

Fig. 4 Stability of mineral suspensions (hematite −40 µm) with broth
and pure rhamnolipid (BS—backscattering signal)

of these macromolecules onto hematite surface can cause a
permanent flocculation of mineral suspension.

Electrokinetic behavior of hematite before and after in-
teraction with the broth is illustrated in Fig. 5. Before inter-
acting with the broth, the IEP of hematite corresponded to
pH value 5.8. After the broth interaction, the surface prop-
erties of mineral have changed. The pH of IEP has shifted
towards higher pH.

The shifts of measured zeta potential for hematite after
interaction with the metabolite solution (broth) were similar
to those observed in the presence of bacteria cells earlier
(Deo and Naratajan 1997).

Similarly, no significant changes in the zeta poten-
tial were observed for hematite after interaction with Es-
cherichia coli cells (Farahat et al. 2009).

Both flocculation and flotation studies were carried out to
establish the selective separation of minerals after interac-
tion with bioproducts (Patra and Natrajan 2003, 2004). Fig-
ures 6 and 7 show the effect of the reagent concentration on
the rate of the hematite flotation.

Significant increase in flotation recovery of hematite was
observed for small amount (20 ppm) of pure rhamnolipid.
The recovery of hematite was found to be 100% for 20 min
(Fig. 6). Similar flotation tests were carried out after the in-
teraction with broth solution. The hematite recovery in this
case was at the vicinity 45% (Fig. 7).

The obtained results can be attributed to the fact that
broth contained polysaccharides, proteins and organic acids
which make the surface of hematite more hydrophilic.
For instance, polysaccharides containing COO− and OH−
groups can influence metal (iron) cation binding. Interac-
tion and complex formation between iron and polysaccha-
rides could occur what could be another reason behind the
polysaccharides adsorption onto the hematite surface. The
depressant action of the carbohydrates on the hematite flota-
tion was observed (Pavlovic and Brandao 2003).

Fig. 5 Effect of broth
concentration on the zeta
potential of hematite (−40 µm
fraction)



238 Adsorption (2010) 16: 233–239

Fig. 6 Flotation of hematite
particles with pure rhamnolipid
as a collector

Fig. 7 Flotation of hematite particles with broth as a collector

4 Conclusion

In the present study, the effect of broth and pure rhamnolipid
on the adsorption behavior of hematite particles has been in-
vestigated. The surface modification of hematite by pure sur-
factant and broth has shown different results. The observed
stability properties of hematite suspension at higher concen-
tration of pure rhamnolipid can be explained by the steric
hindrance mechanism. If the surface coverage is small, the
flocculation can be observed. It was also found that the ef-
fect of broth on dispersibility of hematite suspension should
be considered as a flocculation by biopolymers. The adsorp-
tion data are in accordance with the zeta potential evalua-
tion. Flotability of hematite particles was examined in the
presence of pure rhamnolipid and broth solution. It was ob-

served that hematite flotation was significantly depressed by
broth. This behavior would suggest a better affinity of or-
ganic metabolites from broth onto the hematite surface.

Open Access This article is distributed under the terms of the Cre-
ative Commons Attribution Noncommercial License which permits
any noncommercial use, distribution, and reproduction in any medium,
provided the original author(s) and source are credited.
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