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bstract

In this study, a microbial surfactant, rhamnolipid, was investigated for its potential to enhance recovery of Cd(II) from kaolin, a representative
oil component. The study was divided into two parts. In the first part, the sorption of Cd(II) ions to kaolin was investigated as a function of pH
nd initial Cd(II) ion concentration. Kaolin was also shown to be a good sorbent for treatment of Cd(II) ions from waste waters. The equilibrium
orption capacity for Cd(II) ions was measured and extrapolated using the Langmuir, Freundlich, Redlich–Peterson, and Koble–Corrigan sorption
odels. The best correlation between experimental and model predicted equilibrium uptake was obtained using the Kolbe–Corrigan sorption
odel. The values of parameters of the Koble–Corrigan model were determined as A = 11.13 (mmol1−b kg−1 Lb); B = 0.39 (Lb mmol−b); b = 0.48.
n the second part, the desorption of Cd(II) from kaolin was investigated as a function of pH, rhamnolipid concentration, and the amount of sorbed
d(II) by kaolin. The highest Cd(II) desorption efficiency by rhamnolipid biosurfactant from kaolin was obtained at pH 6.8, at an initial Cd(II) ion
oncentration of 0.87 mM (4.42 mmol Cd(II)/kg kaolin) and at a rhamnolipid concentration of 80 mM and found to be 71.9% of the sorbed Cd(II).

2006 Elsevier B.V. All rights reserved.
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. Introduction

Heavy metal contamination in soils and freshwater environ-
ents is one of the world’s major environmental problems,

osing significant risks to human health as well as to ecosys-
ems. Growing attention is being given to the treatment of

etal-contaminated soils, surface and subsurface water bod-
es. Because of its high toxicity and mobility in soil, the case
f cadmium is of great interest. Cadmium is accumulated in
oots, stems and leaves and in the edible parts of crops in
he soil–plant system [1]. Cadmium has no known biological
unction, occurs with an average content of 0.2 mg kg−1 in the
eosphere. The concentration of Cd in rocks range from 0.1 to
1 mg kg−1. In soils with no anthropogenic inputs of Cd, soil

olution concentrations could range from 0.3 to 22.5 �g l−1.
d concentrations seldom exceed 10 �gl−1 in solutions of agri-
ultural soils. Anthropogenic activities such as industrial waste

∗ Corresponding author. Tel.: +90 312 297 7444; fax: +90 312 299 2124.
E-mail address: yesims@hacettepe.edu.tr (Y.S. Açıkel).
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isposals, fertiliser application and sewage sludge disposals on
and have also led to accumulation of Cd in soil [2]. The waste
aters of nickel-cadmium batteries, pigments, stabilizers, coat-

ngs, alloys and specific compounds for electronics may contain
ndesirable amounts of Cd(II) ions. Non-ferrous metals (zinc,
ead and copper), iron and steel, fossil fuels (coal, oil, gas, peat
r wood), cement, and phosphate fertilizers may also contain
d(II) as an impurity [3]. The recommended maximum tolera-
le intake of Cd by FAO/WHO is 70 �g day−1.

A number of remediation technologies have been applied
or heavy metal contaminated soils such as soil excavation and
ransport of contaminated soil to hazardous waste sites for land-
lling, thermal extraction for volatile metals (e.g. evaporation
f mercury, arsenic and cadmium is required high temperatures
uch as 800 ◦C), electrokinetics, solidification/stabilization, vit-
ification, chemical oxidation, soil flushing, and bioremedia-
ion [4–6]. Due to the great expense and time of traditional

emediation, alternate cost-effective remedial techniques are
eeded.

Novel bioechnologies using microorganisms and microbial
roducts to remove heavy metals have been successfully applied

mailto:yesims@hacettepe.edu.tr
dx.doi.org/10.1016/j.jhazmat.2006.06.004
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o wastestreams such as sewage sludge, industrial effluents,
nd mine water [7–9]. Biosorption of metal-contaminated soils
resents a more complex separation problem [10,11]. The min-
ral, organic matter composition and surface area of the soil
ill determine the amount of metal sorbed. Movement of met-

ls in soils is also limited by soil texture, structure, and organic
atter content. The size of a bacterial cell is approximately as

arge as 0.2 mm in diameter, whereas soil pores vary greatly in
ize ranging from less than 2 �m. Metal–cell complexes would
e filtered out by the smallest pores and prevented transport
hrough the soil. Other microbial products such as bacterial and
lgal exopolysaccharides also bind a variety of metals. Although
xopolysaccharides exhibit strong affinities for oil–water inter-
aces, they differ from biosurfactants in that they are large, have
olecular weight approximately 106 and have minimal sur-

ace activity. Biosurfactants may present a distinct advantage
ver exopolysaccharides in the remediation of soils because of
heir relatively small size (generally molecular weight <1500)
12–14].

Surfactants can be synthetic but are also naturally produced
y plants, animals, and many different microorganisms. These
olecules reduce surface and interfacial tensions in both aque-

us solutions and hydrocarbon mixtures. Biosurfactants have
he following advantages compared with synthetic surfactants:
ower toxicity, higher biodegradatibiliy, better environmental
ompatibility, higher foaming, higher selectivity for metal ions
nd organic compounds, more tolerant to pH, salt and temper-
ture variation, the ability to be synthesized from renewable
ources, and in some cases less expensive. Biosurfactants can
e classified as glycolipids, lipopeptides, phospholipids, fatty
cids and neutral lipids. The largest and best-known group is
he glycolipid group, which includes a form known as rhamno-
ipids [15–17].

Surface active materials adsorbed on interface reduce surface
ension to a certain value. The amount of surfactant needed to
btain the lowest possible surface tension is defined as the critical
icelle concentration (CMC). After CMC is reached, surface

ension remains constant, and surfactants begin to form micelles
18]. At concentrations above the CMC, the rhamnolipid forms a
ariety of micellar, ≈5 nm in diameter, and vesicular structures,
50 nm in diameter, which depend on solution pH [14]. The
urfactant molecules themselves spontaneously aggregate into
omplex structures such as micelles. A micelle is composed
f a monolayer of surfactant molecules where the polar heads
re oriented toward the surrounding aqueous solution and the
onpolar tails are oriented toward the hydrophobic center of the
icelle. The anionic biosurfactant such as rhamnolipid carries
negative charge, so when the molecule encounters a cationic
etal such as Cd(II) that carries a positive charge, an ionic bond

s formed. This bond is stronger than the metal’s bond with the
oil. The polar head groups of micelles can bind metals. This
akes the metals more soluble in water. Metal ions are bound

o opposite charged ions or replace with same charged ions or

omplex with agents forming chelates on micelle surface. The
icelles help recover the metals from the soil surfaces and move

hem into solution, making them easier to recover by flushing
13,19].
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There are limited in number studies published in the liter-
ture concerning the use of biosurfactants to recover metals
15]. Complexation of Cd(II), Pb(II), and Zn(II) from a Hay-
ook sandy loam soil [14], and Cd(II) from liquid media [12] by
monorhamnolipid biosurfactant was investigated. After expo-

ure of the soil to a 1 mM concentration of Cd(II) ions, 73% of
d(II) (1.46 mmol kg−1) was reported to sorb by the soil and
5.9% of the Cd(II) was showed to desorb by a 80 mM rhamno-
ipid solution [14]. Surfactin from Bacillus subtilis, rhamnolipid
rom Pseudomonas aeruginosa and sophorolipid from the yeast
orulopsis bombicola were used to remove Cu(II) and Zn(II)
ons from a metal-contaminated sediment (110 mg/kg Cu(II)
nd 3300 mg/kg Zn (II)) [20]. A single washing with rhamno-
ipid was reported to remove 65% of the Cu(II) and 18% of the
n(II), whereas sophorolipid removed 25% of the Cu(II) and
0% of the Zn (II). Surfactin was less effective, removing 15%
f the copper and 6% of the zinc. Utilization of saponin, a plant-
erived biosurfactant, was shown to be effective for recovery of
eavy metals from soils, attaining 90–100% of Cd and 85–98%
f Zn extractions [15].

The existence of toxic heavy metals at many of the contam-
nated sites all over the worldwide poses a severe threat to the
nvironment. Very few technologies, such as soil washing and
ioremediation, are available to treat these metal-contaminated
astes. However, these technologies may be ineffective due

o several reasons such as inability to treat contaminants in
ow permeability soils or in soils containing high clay or iron
xide [19]. In the present study, the feasibility of using rham-
olipid biosurfactant for the recovery of Cd(II) from kaolin,
ow permeability soil, is investigated. Laboratory bench-scale
ioremediation experiments were conducted in two stages using
aolin as a model low permeability clayey soil. In the first stage
f experiments the sorption of Cd(II) ions by kaolin was inves-
igated as a function of pH and initial Cd(II) ion concentration
n solution. The Cd(II) sorption equilibrium on kaolin was char-
cterized with sorption models such as Langmuir, Freundlich,
edlich–Peterson and Koble–Corrigan. In the second stage, the

ecovery or desorption of Cd(II) from kaolin using rhamnolipid
iosurfactant was investigated as a function of pH, rhamnolipid
oncentration, loaded Cd(II) quantity per unit weight of kaolin
mmol Cd(II)/kg kaolin). As kaolin is thought as a low-cost
atural sorbent, the results of the first and second stages can
lso be applied to the removal and recovery of Cd(II) ions from
aste waters. Besides, the sorption of rhamnolipid by kaolin
as investigated.

. Materials and methods

.1. Biosurfactant

The rhamnolipid biosurfactant (JBR 425) was supplied
y Jeneil Biosurfactant Co. (Saukville, WI) as an aqueous
olution of rhamnolipids at 25% concentration. It is pro-

uced from sterilized and centrifuged fermentation broth which
as had all protein removed. Two major types of rhamno-
ipids, RLL (R1) and RRLL (R2) are present in the solu-
ion. R1 (C26H48O9) is l-rhamnosyl-�-hydroxydecanoyl-�-
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Table 1
Chemical analysis of kaolin used in this study

Composition Content (wt.%)

SiO2 48.04
Al2O3 39.18
Fe2O3 0.8
CaO 0.22
MgO 0.53
P2O5 0.12
K O 2.78
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OI 8.16

ydroxydecanoate. R2 (C32H58O13) is l-rhamnosyl-�-l-rha-
nosyl-�-hydroxydecanoyl-�-hydroxydecanoate. The rham-

olipid used has a critical micelle concentration of 50 mg/L
≈0.1 mM) and a surface tension of 29 mN/m.

.2. Kaolin

The component of soil, kaolin, was supplied from Söğüt
eramic Factory, Bilecik, Turkey. It was ground and sieved

o 0.140–0.425 mm size. Typical chemical properties of the
aolin used for sorption/desorption experiments are presented
n Table 1. The analysis to this material revealed that it contain

ainly silica and alumina, which they account for 87.22% of
he total weight.

.3. Rhamnolipid sorption by kaolin

The kaolin were autoclaved to inhibit biodegradation of
hamnolipid. To measure rhamnolipid sorption, 1.5 g of kaolin
as placed into 40-mL centrifuge tubes, and then kaolin were

uspended in 5 mL of varying concentrations of rhamnolipid
0–100 mM). Blind solutions contained the rhamnolipid solu-
ions at the same concentration without added kaolin. The tubes
ere incubated for 48 h on a shaker at 150 rpm and at 25 ◦C,

nd then centrifuged. Rhamnolipid concentration in the super-
atant was determined using surface tension analysis. Surface
ension was measured using a surface tensiomat (KRÜSS) which
mploys the Du Nouy ring method of quantifying surface ten-
ion. To measure unadsorbed concentration of rhamnolipids, a
alibration curve relating surface tension (mN/m) to rhamno-
ipid concentration (mM) was used.

.4. Cd(II) sorption by kaolin

To investigate Cd(II) recovery by rhamnolipids from the
aolin, firstly the kaolin sorbed Cd(II). A 1.5 g of kaolin was
laced into 40-mL centrifuge tubes and treated in 5 mL of metal
on solutions. Cd(II) solutions were prepared by diluting 8.9 mM
tock solution of Cd(II), obtained by dissolving CdN2O6·4H2O
n distilled water. The range of concentrations of prepared Cd(II)

on solutions varied from 0.25 to 5.29 mM. Blind experiments
ere performed with the same metal ion solutions without added
aolin. The tubes containing Cd(II) ions and kaolin as a sorbent
r the corresponding blind solution were incubated for 48 h on

3

o
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shaker at 150 rpm and at 25 ◦C. After reaching ultimate equi-
ibrium, the tubes were centrifuged at 19,000 × g for 20 min
nd the supernatant was acidified to pH 2.0 with 1% HNO3 for
tomic absorption analysis. A calibration curve for Cd(II) was
onstructed using atomic absorption standard solutions that were
iluted into 1% HNO3. Sorbed Cd(II) concentration by kaolin
as calculated from the difference between initial Cd(II) ion

oncentration in solution and Cd(II) ion concentration remained
n the supernatant after sorption.

.5. Recovery of Cd(II) by rhamnolipid biosurfactant from
aolin

The Cd(II)-loaded kaolin was suspended in 5 mL of varying
oncentrations of rhamnolipid (0–100 mM). The blind solution
as used to determine whether distilled water alone recovered

oil-bound Cd(II) or not. The centrifuge tubes containing kaolin
ixed with rhamnolipid solution or the corresponding blind

olution without added rhamnolipid were agitated on a shaker at
5 ◦C and 150 rpm for 72 h and then centrifuged at 19,000 × g
or 20 min. The supernatant was analyzed for Cd(II) concentra-
ion by atomic absorption analysis. Rhamnolipid has a pK of
.6 [21] and thus precipitates on acidification. The supernatant
amples used for atomic absorption analysis were acidified to
pH < 2 using 0.1 mL of concentrated HNO3 to precipitate the

hamnolipid. To recover the rhamnolipid pellets, each sample
as centrifuged and then the supernatant was diluted in 1%
NO3 for atomic absorption analysis.

. Results and discussion

.1. Sorption of rhamnolipid by Kaolin

Surfactants can be sorbed onto clay fractions, reducing their
vailability. Low sorption of surfactant to soil is a desirable
urfactant characteristic. To determine the rhamnolipid avail-
bility for metal complexation, the sorption of rhamnolipid to
aolin was determined over a rhamnolipid concentration range
f 12.5–100 mM. Rhamnolipid concentrations in aqueous phase
ere determined by surface tension analysis. At the lower rham-
olipid concentrations examined (12.5 and 25 mM), rhamno-
ipid sorption to kaolin was found to change between 23.2 and
3.2%. Liquid phase rhamnolipid concentration increased as the
mount of rhamnolipid added was increased from 25 to 100 mM.
t higher rhamnolipid concentrations (50 and 100 mM), rham-
olipid sorption was reduced to between 24.9 and 13.2%. Rham-
olipid sorption to kaolin was strongly affected by the presence
f Cd(II) in kaolin. When 1 mM Cd(II) (4.8 mmol Cd(II)/kg
aolin) and 2.67 mM Cd(II) (8.92 mmol/kg) were added to
aolin, no rhamnolipid sorption was observed at all tested rham-
olipid concentrations.

.2. Sorption of Cd(II) ions by kaolin
.2.1. Effect of pH
The pH of the Cd(II) solutions was varied over the pH range

f 6.0–7.4 to determine whether there was an effect of pH on
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ig. 1. Effect of pH on Cd(II) sorption efficiencies by kaolin (CCd,i, 0.94 mM;
emperature, 25 ◦C; amount of kaolin, 1.5 g; stirring rate, 150 rpm).

orption. There were several reasons for the chosen pH range.
ecause of aggregate morphology, the rhamnolipid biosurfac-

ant is effective in this pH range. The pH range of 6.0–7.4 repre-
ents the natural pH value of low permeability clayey soil. Above
H 7.5, Cd(II) ions begin to precipitate in solution depending on
olubility equilibrium. The sorption efficiency of Cd(II) ions by
aolin increased with increasing pH up to 6.6 at a constant initial
d(II) ion concentration of 0.94 mM in solution, and determined
s 86.8% (Fig. 1).

.2.2. Sorption equilibrium of Cd(II) ions on kaolin
To determine the sorption isotherms, initial Cd(II) ion con-

entrations were varied between 0.25 and 5.29 mmol L−1 while
he kaolin weight in each sample was constant at 1.5 g. At an
nitial Cd(II) ion concentration of 0.25 mmol L−1, 92.9% of the
d(II) was bound to the kaolin. The Cd(II) sorption efficien-
ies of the kaolin decreased with increasing initial metal ion
oncentration (Fig. 2). This trend seems reasonable since the
elative number of binding sites available to the metal ion would

educe as the concentration of the metal ion was increased,
specially when the kaolin was nearly saturated at high initial
oncentrations. To quantify the agreement between the sorp-
ion models and experimental observations for the behaviour of

ig. 2. Effect of initial Cd(II) concentration on Cd(II) sorption efficiencies
y kaolin (pH, 6.8; temperature, 25 ◦C; amount of kaolin, 1.5 g; stirring rate,
50 rpm).
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he Cd(II)–kaolin system, four different sorption models, Lang-
uir, Freundlich, Redlich–Peterson, and Koble–Corrigan were

sed.
The most widely used isotherm equation for modeling

f the sorption equilibrium data is the Langmuir equation
22]:

eq = Q0KCeq

1 + KCeq
(1)

eq is the amount of solutes sorbed per unit weight of sorbent at
quilibrium concentration, Ceq. Q0 is the maximum amount of
orbed material required to give a complete monolayer on the
urface, K is a measurement of relative sorption affinity and is
constant related to the energy of sorption. A large value of
angmuir constant, K, implies strong bonding.

The Freundlich expression is an empirical equation based on
orption onto a heterogeneous surface [23]:

eq = KFC1/n
eq (2)

In this expression KF and 1/n are characteristic constants
elating to temperature, pH, sorbate and sorbent. KF is an indi-
ation of the sorption capacity of the sorbent; 1/n indicates the
ffect of concentration on the sorption capacity and represents
he sorption intensity. If sorption is favourable, then n > 1.

A further empirical isotherm has been developed by Redlich
nd Peterson, incorporating three parameters [24]:

eq = KRCeq

1 + aRC
β
eq

(3)

here the exponent β, lies between 0 and 1. When β = 1, the
edlich–Peterson equation reduces to the Langmuir equation.

f aRC
β
eq is much greater than 1, then it becomes the Freundlich

quation. If aRC
β
eq is much less than 1, which occurs at low

oncentrations, then it becomes a linear isotherm equation.
Another Langmuir–Freundlich type isotherm equation is

alled as Koble–Corrigan sorption model and incorporates three
arameters [25]:

eq = ACb
eq

1 + BCb
eq

(4)

hen b = 1, the Koble–Corrigan equation reduces to the Lang-
uir equation. If BCb

eqis much less than 1, sorption is very low,

hen it becomes the Freundlich equation. If BCb
eq is much greater

han 1, sorption is very high, the sorbed sorbate quantity per unit
eight of sorbent at equilibrium remains constant and is defined
y the following equation:

eq = A

B
(5)

Although the Langmuir and Freundlich models have been
idely used to define equilibrium parameters of sorption, the
pplication of the Redlich–Peterson and Koble–Corrigan equa-
ions to sorption is scarce in the literature.

The sorption model constants were estimated from the
orption data of Cd(II) ions on kaolin by using a DataFit
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Fig. 3. Comparison of the Langmuir, Freundlich, Redlich–Peterson, and
Koble–Corrigan sorption isotherms for Cd(II) sorption onto kaolin (pH, 6.8;
temperature, 25 ◦C; amount of kaolin, 1.5 g; stirring rate, 150 rpm).
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trial version) computer program. The Langmuir, Freundlich,
edlich–Peterson and Koble–Corrigan sorption isotherms
btained at pH 6.8 for Cd(II) ions are shown in Fig. 3. In all
he figures where metal uptake equilibrium data are shown, the

odel profiles are presented as dashed lines and the experimen-
ally obtained values are given by symbol. The Langmuir, Fre-
ndlich, Redlich–Peterson and Koble–Corrigan constants and
he residual sum of squares (SSE), standard error of the estimate
σ), coefficient of multiple determination (R2) and adjusted coef-
cient of multiple determination (R2

a) between the experimental
alues and the predicted values using the models are given in
able 2. Comparing the values of SSE, σ, R2 andR2

aobtained
rom the sorption models shows that the fit between the exper-
mental values and the predicted values using the models were

enerally very good for the various models except for the
angmuir model. However, the Koble–Corrigan model pro-
ided the best correlation for the sorption of Cd(II) ions by the
aolin.

A
t
n
s

able 2
omparison of the sorption isotherm coefficients and SSE, σ, R2 and R2

a values
edlich–Peterson and Koble–Corrigan models
0 (mmol kg−1) K (L mmol−1) SSE

angmuir model
13.03 1.90 2.5949

F (mmoln kg−1 Ln) n SSE

reundlich model
7.78 2.84 0.3396

R (L kg−1) aR (Lβ mmol−β) β

edlich–Peterson model
220.16 26.75 0.69

(mmol1−b kg−1 Lb) B (Lb mmol−b) b SS

oble–Corrigan model
11.13 0.39 0.48 3.
Materials B139 (2007) 50–56

.3. Desorption of Cd(II) from contaminated kaolin using
hamnolipid biosurfactant

.3.1. Effect of pH
The medium pH must be optimized to minimize the size of the

etal–ligand complex, thus preventing filtration by small kaolin
ores. At concentrations above the critical micelle concentra-
ion, the rhamnolipid forms a variety of micellar and vesicular
tructures which depend on solution pH. At pH 5.0, rhamnolipid
egins to visibly precipitate out of solution. The structures are
redominantly small vesicles and micelles at pH > 6.0 [14]. For
hat reason, the pH of the medium was varied over the pH range
f 6.0–7.4 to determine whether there was an effect of pH on
omplexation. The best recovery efficiency, 70.6–70.2% of the
orbed Cd(II), was achieved by adjusting the initial pH value to
.8–7.0 at 1.15 mM initial Cd(II) ion concentration in solution
6.3 mmol Cd(II)/kg kaolin) and at 80 mM rhamnolipid concen-
ration. Recovery efficiencies of Cd(II) showed more intense
ncrease with increasing pH in the range 6.0–6.8, compared to
he decrease in the pH region between 7.0 and 7.4 (Fig. 4).
he possible mechanisms for the recovery of heavy metals by
urfactants were reported to include ion exchange, precipitation-
issolution and counterion association [26]. The metals are
emoved by forming complexes with the surfactants on the
oil/soil-component surface. The detachment of metal ions from
he soil/soil component into the soil solution occurs due to the
owering of the interfacial tension, and therefore association with
urfactant micelles [6]. Different rhamnolipid structures that are
trictly dependent on pH can form. At a low pH (4.3 < pH < 5.8),
he rhamnosyl moiety is at least 50% unchanged and rhamno-
ipids form liposome-like vesicles. Between pH 6.0 and 6.6,
hamnolipids form either lamella-like structures (6.0 < pH < 6.5)
r lipid aggregates (6.2 < pH < 6.6). When the rhamnosyl moi-
ty is negatively charged above pH 6.8, micelles form [18,19].

s expected, the anionic surfactants like rhamnolipids give bet-

er results because the cationic metals have an affinity for the
egatively charged surfactants. The biosurfactant used in this
tudy could also allow more metal recovery due to the more

between experimental and predicted values using by Langmuir, Freundlich,

σ R2 R2
a

0.7204 0.9694 0.9632

σ R2 R2
a

0.2606 0.9960 0.9952

SSE σ R2 R2
a

0.1130 0.1681 0.9987 0.9980

E σ R2 R2
a

68 × 10−2 9.59 × 10−2 0.9996 0.9993
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ig. 4. Effect of pH on Cd(II) desorption efficiencies from kaolin using rham-
olipid biosurfactant (crhamnolipid conc, 80 mM; temperature, 25 ◦C; amount of
aolin, 1.5 g; stirring rate, 150 rpm).

ffective interfacial surface tension lowering. The surface ten-
ion of rhamnolipid solutions is also quite sensitive to pH. The
urface activity of the rhamnolipid was reported to be highest
etween pH 7.0 and 7.5. As the pH was increased above 7.5, a
light decrease in surface activity was observed that resulted in a
mall increase in surface tension. As the pH was decreased from
.0 to 5.0, surface activity decreased significantly, resulting in a
onsiderable increase in surface tension [18].

.3.2. Effect of amount of Cd(II) loaded to kaolin
After contact of the kaolin to Cd(II) solutions in the range

f concentrations varying from 0.25 to 5.29 mM, the amounts
f desorbed Cd(II) by the rhamnolipid biosurfactant were deter-
ined. Desorption of Cd(II) was found to be dependent on initial
d(II) ion concentration in solution or the amount of Cd(II)

oaded to the kaolin, and increased with increasing metal ion
oncentration in solution up to 0.87 mM or metal-ion loading to

−1
he kaolin up to 4.42 mmol kg (Fig. 5). At this metal loading
nd at 80 mM rhamnolipid concentration, 71.9% of the sorbed
d(II) was recovered from the kaolin.

ig. 5. Effect of amount of Cd(II) loaded to kaolin on Cd(II) desorption effi-
iencies (pH, 6.8; Crhamnolipid conc, 80 mM; temperature, 25 ◦C; amount of kaolin,
.5 g; stirring rate, 150 rpm).
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ig. 6. Effect of rhamnolipid concentration on Cd(II) desorption efficiencies
pH, 6.8; temperature, 25 ◦C; amount of kaolin, 1.5 g; stirring rate, 150 rpm).

.3.3. Effect of rhamnolipid concentration
When the initial Cd(II) ion concentration was held constant

s 1.0 mM (4.8 mmol Cd(II)/kg kaolin), the rhamnolipid con-
entration was varied from 0 to 100 mM and it was seen that
his affected the amount of metal removed from kaolin. The
d(II) complexation efficiency increased with increasing rham-
olipid concentration up to 50–100 mM, and Cd(II) recovery
fficiency reached a plateau value of 70.3–71.5% of the sorbed
d(II) (Fig. 6). Therefore, the most convenient rhamnolipid con-
entration range seems to be approximately 50–100 mM for
aolin treatment to avoid introduction of excess rhamnolipids
nto soils containing kaolin as a dominant component. High
oncentrations of biosurfactant solutions are often required to
vercome dilution and losses of the biosurfactant due to binding
n the soil/soil component. However, there are many reasons
o avoid injection of excess biosurfactant into soils. Firstly use
f excess biosurfactant is not desired in point of process econ-
my. Although the degree of biodegradability and toxicity of the
hamnolipid biosurfactant meet the EPA requirements, secondly
se of excess biosurfactant may be lead to another environmen-
al pollution. Higher concentrations of biosurfactants can also
esult in plugging in soil pores by the dispersion of fine materials,
r by the formation of viscous emulsions [6].

. Conclusions

In application of rhamnolipid as soil-washing agent to metal-
ontaminated soils, the efficiency of rhamnolipid treatment pro-
ess must be improved. To do this, rhamnolipid sorption to soil
ust be minimized. High kaolin content of soil seems to pro-

ide a good advantage. Rhamnolipid biosurfactant was seen
o be weakly sorbed to kaolin. At rhamnolipid concentrations
igher than 80 mM, sorption to kaolin was lower than 17.7%
f the rhamnolipid added. Moreover, the presence of Cd(II)
ons in kaolin prior to addition of the rhamnolipid was found
o prevent the sorption of rhamnolipid. A number of different

hamnolipid structures that are dependent on pH can form. The
ype of rhamnolipid structure formed is especially sensitive to
H in the range of 6.0 to 7.5. The best recovery efficiency was
chieved by adjusting the initial pH value to 6.8–7.0. When the
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aolin was treated with 0.87 mM Cd(II) solution, 76.0% of the
d(II) (4.42 mmol kg−1) was sorbed, and 71.9% of the sorbed
d(II) was recovered by a 80 mM rhamnolipid solution. In our
revious study, the urban soil which has a high clay content was
sed. After 0.96 mM Cd(II) solution was loaded to the urban soil,
2.6% of the Cd(II) (2.98 mmol kg−1) was sorbed, and 54.3%
f the sorbed Cd(II) was recovered by a 70 mM rhamnolipid
olution (unpublished data). Components of the urban soil other
han clay may have been increased the removal of Cd(II) from
iquid phase, and hindered the recovery of Cd(II) from the urban
oil using rhamnolipid biosurfactant.

In summary, these results suggest that rhamnolipid technol-
gy as soil-washing process can be used succesfully in the
emediation of heavy metal contaminated kaolin, low perme-
bility clayey soil. However, little is currently known about the
esorption of heavy metal ions by biosurfactants from various
lay minerals and other soil components. The heterogeneites that
ccur in soil composition, texture, structure, and organic matter
ontent limit success of recovery process of heavy metal ions
rom soils using rhamnolipid biosurfactant. To propose success
f the process on a certain type of soil, the heavy metal recovery
apacity of rhamnolipid biosurfactant from components consti-
uting that soil must be known exactly. Otherwise, increasing
umber of experiments performed on various types of soils will
ot enough to obtain expected results for simulation of real heavy
etal-polluted environment.
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