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Abstract Surfactants and inorganic ligands are
pointed as efficient to simultaneous removal of heavy
metals and hydrophobic organic pollutants from soil.
However, the biosurfactants are potentially less toxic
to soil organisms than other chemical agents. Thus, in
this study the efficiency of combinations of iodide (I")
ligand and surfactants produced by different bacterial
species in the simultaneous removal of cadmium
(Cd*™) and phenanthrene in a Haplustox soil sample
was investigated. Four microbial surfactants and the
synthetic surfactant Triton X-100 were tested with
different concentrations of ligand. Soil samples con-
taminated with Cd®>" and phenanthrene underwent
consecutive washings with a surfactant/ligand solu-
tion. The removal of Cd*" increased with increased
ligand concentration, particularly in solutions contain-
ing biosurfactants produced by the bacterial strains
Bacillus  subtilis  LBBMAI155 (lipopeptide) and
Flavobacterium sp. LBBMA168 (mixture of flavolip-
ids) and Triton X-100. Maximum Cd** removal
efficiency was 99.2% for biosurfactant produced by
Arthrobacter oxydans LBBMA 201 (lipopeptide) and
99.2% for biosurfactant produced by Bacillus sp.
LBBMAI111A (mixed lipopeptide) in the presence of
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0.336 mol iodide 1~!, while the maximum efficiency
of Triton X-100 removal was 65.0%. The biosurfactant
solutions removed from 80 to 88.0% of phenanthrene
in soil, and the removal was not influenced by the
presence of the ligand. Triton X-100 removed from 73
to 88% of the phenanthrene and, differently from the
biosurfactants, iodide influenced the removal effi-
ciency. The results indicate that the use of a single
washing agent, called surfactant-ligand, affords simul-
taneous removal of organic contaminants and heavy
metals.

Keywords Surfactant - Triton X-100 - Ligand -
Heavy metal - PAHs

Introduction

Heavy metals and hydrophobic organic pollutants such
as polycyclic aromatic hydrocarbons (PAHs) are two
of the most important and frequent soil and sediment
contaminants. Significant quantities of heavy metals,
including zinc (Zn), lead (Pb), cadmium (Cd), chro-
mium (Cr) and cobalt (Co), along with PAHs and
chlorinated hydrocarbons, are found in marine sedi-
ments (Jaffe et al. 2003) and in soils of industrialized
urban areas (Ho and Hui 2001). Positive correlations
between Cd and Pb and polychlorinated biphenyls
(PCBs) and PAHs can be attributed to the existence of
a common soil pollution source in regions where
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chemical and steel industries are present (Weiss et al.
1994).

Heavy metals and hydrophobic organic com-
pounds exhibit divergent chemical characteristics
(Fernandes et al. 2009). Heavy metals are relatively
mobile in the soil, especially at low soil pH, and are
typically ionic in soil solution (Shin et al. 2004). The
hydrophobic organic compounds such as PAHs are
relatively insensitive to pH change and exhibit
lipophilic properties (Shin et al. 2004). These differ-
ences in chemical characteristics make it difficult to
use a single washing agent to simultaneously remove
the two groups of contaminants.

Organic or inorganic acids and chelating agents
are usually used in soil remediation procedures to
remove heavy metals (Reddy and Chinthamreddy
2000; Wasay et al. 2000; Dacera and Babel 2008)
while solvents or surfactants are more appropriate
agents for the remediation of hydrophobic organic
pollutants (Fava and Di Gioia 1998; Chu and Kwan
2003).

Currently, the strategy to simultaneously remove
heavy metals and hydrophobic organic contaminants
in soil includes use of leaching agents such as distilled
water, humic acid, phospholipids and sodium dodecyl
sulfate (SDS) (Schmelling et al. 1998; Hirner et al.
1998; Abramovitch et al. 2003). SDS is considered the
most appropriate for solubilization of organic con-
taminants, given its ability to interact with hydropho-
bic compounds and hydrocarbon chains. However, the
capacity of SDS to remove heavy metals (hydrophilic
contaminants) has not been demonstrated (Hirner et al.
1998).

Recently, ligands were shown to change the
character of wastewater heavy metals from hydro-
philic to hydrophobic, thus enabling surfactants to
simultaneously desorb both heavy metals and toxic
organics from contaminated soils. Shin et al. (2000)
showed that the nonionic surfactant Triton X-100, in
combination with an inorganic ligand [iodide (I") or
thiocyanate (SCN™)], was capable of removing Cd,
Cu and Zn from soil contaminated with heavy metals
and PCBs. The authors proposed that the ligand
forms a complex with the metal ion in the surfactant
solution, reducing its hydrophilic character and
allowing its absorption within the surfactant micelle.
This behavior can lead to simultaneous desorption of
heavy metals and organic hydrophobic compounds
adsorbed to particles of soil and sediment.
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Biosurfactants and ligands are potentially less toxic
to soil organisms than other chemical agents such as
synthetic surfactants, strong acids and chelating agents.
However, no reports were found in the literature
consulted on evaluation of efficiency of the combina-
tion of biosurfactants and ligands in the simultaneous
mobilization of hydrophobic organic compounds and
heavy metals. Thus, this work aimed to evaluate the
efficiency of simultaneous removal of phenanthrene
and cadmium from an oxisol (Haplustox) with combi-
nations of iodide ligand and biosurfactants produced by
different bacterial species.

Materials and methods
Surfactants

Five types of surfactants, the synthetic nonionic
surfactant Triton X-100 (CgH{7CgH4 (OC,H,);oOH)
and four biological surfactants produced by bacterial
strains Bacillus sp. LBBMA 111A (mixed lipopep-
tide), Bacillus subtilis LBBMA 155 (lipopeptide),
Flavobacterium sp. LBBMA 168 (mixed of flavolip-
ids) and Arthrobacter oxydans LBBMA 201 (lipo-
peptide) were tested. The biosurfactants were
produced in the laboratory of Biotechnology and
Biodiversity for the Environment (LBBMA) of the
Department of Microbiology, Federal University of
Vicosa, and isolation was performed using the
techniques of acid precipitation, ultrafiltration and
thin-layer chromatography (TLC). The surface active
properties of each surfactant are described in Table 1.

Surfactin, iturin and fengycin of Bacillus sp.
LBBMA 111A, surfactin of B. subtilis LBBMA 155
and arthrofactin of A. oxydans LBBMA 201 were
produced in mineral medium supplemented with 2%
glucose (w V_l) and 2% hexadecane (v v_l) (added
after glucose exhaustion). Flavolipids of Flavobacte-
rium sp. LBBMA 168 were produced in drop-
collapse mineral medium (Bodour and Miller-maier
1998) containing 2% glucose (w v~ 1) as sole carbon
source. Cultures were grown in flasks at 30°C in an
orbital shaker (New Brunswick Scientific) under
constant agitation (200 rpm) for 7 days.

Isolation and purification of biosurfactants were
performed after removal of cells by centrifuga-
tion (12,000xg, 20 min, 25°C), followed by filtra-
tion using a 0.45 pym pore size membrane filter.
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Table 1 Critical micelle concentration (CMC) e surface ten-
sion at CMC (ycmce) of surfactants used in this study

Surfactant type Abbreviations yeme CMC
(mNm™)  (mgl™

Lipopeptides LBBMA 111A 339 150
Lipopeptide LBBMA 155 34.6 180
Flavolipids LBBMA 168 38.8 200
Lipopeptide LBBMA 201 36.6 200
Triton X-100 - 39.0 268
Water - 72.0 -

LBBMA 111A Surfactant produced by Bacillus sp. LBBMA
111A, LBBMA 155 Surfactant produced by Bacillus subtilis
LBBMA 155, LBBMA 168 Surfactant produced by Flavo-
bacterium sp. LBBMA 168, LBBMA 201 Surfactant produced
by Arthrobacter oxydans LBBMA 201, Triton X-100 Synthetic
surfactant

* Surface tension regarding the critical micelle concentration
(CMC)

Biosurfactants LBBMA 111A, LBBMA 155 and
LBBMA 201 were acid precipitated, after adjusting
the pH of the medium to 2.0 with 12 M HCIL
Biosurfactants pellets were recovered by centrifuga-
tion (12,000 g, 20 min, 20°C) (Vater et al. 2002) and
dissolved in water at pH 7.0. The products were
extracted with chloroform and methanol, filtered with
qualitative filter paper, and, the solvent evaporated,
submitted to TLC on silica gel 60 F254 (VETEC)
plates and quantified. Biosurfactant LBBMA 168 was
recovered using an ultrafiltration cell (Amicon model)
equipped with 500 and 1000 Da molecular weight
cutoff membranes (Lin et al. 1998), followed by TLC
and quantification. The compounds plotted on the TLC
plates were visualized under ultraviolet light (UV
254 nm) and revealed by ninhydrin (0.2%, w v )
(Riedel-de—Haen, Seelze, Germany) and 3 M H,SO,
(v v 1, followed by heating the plates at 100°C for
5 min (Horowitz et al. 1990). The impure fractions
were separated by preparative TLC on glass plates
(20 x 20 mm) pre-coated with silica gel 60 F,sy
(VETEC) and eluted in mixtures of chloroform and
methanol. The bands on the TLC plates were detected
under UV light (254 nm), and those corresponding to
compounds of interest were scraped from the plates,
pooled, and extracted three times with chloroform.
Surfactant concentrations in the washing solutions
were equivalent to two times their critical micelle
concentration (2CMC), except for Triton X-100,
which was used at a concentration (0.05 mol 171)

well above its CMC (Table 1). Potassium iodide (KI)
was the source of iodide ligand and phenanthrene was
used as PAH model compound. The washing agents,
including the surfactant and ligand, were prepared in
distilled water, adjusted to pH 6.8 with NaOH.

Soil

Soil used in this study was collected from a 0-20 cm
deep layer in Vicosa (Minas Gerais, Brazil) and was
classified as Haplustox (Soil Survey Staff 1999). Its
physical and chemical characterization was carried
out in the Soil Department Routine Analysis Labo-
ratory of the Federal University of Vigosa. The
organic carbon content was quantified by wet oxida-
tion of organic matter, using potassium dichromate
solution in acid medium (Yeomans and Bremner
1988). The cation exchange capacity (CEC) was
determined by measurement of Ca®", Mg*" and AI**™
desorbed in the soil, after saturation with a solution of
0.1 mol 17! BaCl, (Hendershot et al.1993). This soil
presented high clay content, average organic matter
content and high acidity (Table 2). Clayey soils tend
to retain contaminants like heavy metals and PAHs
more strongly, which makes their removal by the
physical and chemical treatments currently in use
more difficult (Dennis et al. 1992). In addition to
clay, the organic matter content is also associated

Table 2 Physical-chemical characterization of the experi-
mental soil

Parameter Value
Thick sandy (%) 18.0
Fine sand (%) 17.0
Silt (%) 3.0
Clay (%) 62.0
pH (in H,0) 43
AP (cmol, dm™) 12
Ca®* (cmol. dm™) 0.1
Mg2+ (cmol, dm73) 0.1
Organic matter (g kg™ ") 332
P (Mehlich-1) (mg dm™>) 2.0
K (Mehlich-1) (mg dm™>) 29.0
P rem (mg 17")? 11.0

2 Phosphorus remaining in mg 17" obtained by the agitation of
60 mg 1~ of P in a solution of CaCl, 10 mmol 17" with the
soil sample in a reaction soil: solution 1:10 for 1 h
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with the retention of contaminants (Mulligan et al.
2001).

Procedure for soil contamination

2.5 grams of soil samples were contaminated with
Cd** and phenanthrene. Soil contamination with Cd*"
was performed as described by Mulligan et al. (1999).
The contamination procedure consisted of agitation of
soil samples for 72 h, after the addition of 10 ml per
gram of soil of a solution containing 1 mmol 17" of
cadmium nitrate tetrahydrate (Cd (NOs3), 4H,0). The
soil was removed from solution by centrifugation
(1350 g, 30 min). Soil samples were then contami-
nated with phenanthrene dissolved in acetone
(1 mg ml~ 1) (Yang et al. 2006). The contaminated
soil, at a final concentration of 200 mg kg~' of
phenanthrene, was stirred vigorously for 30 min to
promote homogenous distribution of phenanthrene.
Soil samples were left to rest for 48 h at 28°C to
eliminate the acetone.

Soil washing procedure

The washing agent was prepared by mixing surfactant
with iodide, to form a pseudo-single-phase with pH
adjusted to 7.0-8.0. Iodide concentrations of 0, 0.168
and 0.336 mol 17! were tested. Distilled water was
used as a control.

Soil samples (2.5 g) were saturated with 25 ml of
washing solution and the mixture was kept under
agitation at 150 rpm for 24 h. The soil sample was
removed from the solution by centrifugation at
1350x g for 30 min. To determine the amount of
Cd** removed from the samples, the Cd** concen-
tration in the supernatant was analyzed by atomic
absorption spectrophotometry (AAS) (Shin et al.
2004). The percentage of Cd*" removed was deter-
mined with the following equation:

[% removed Cd*" = (Amount of Cd*"in

the supernatant / the total amount of soil Cd*")
% 100]

A series of five consecutive batch washes was
performed on each soil sample, using new washing
solutions each time. At each stage of washing, the
solution-soil mixture was agitated for 24 h, followed
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by centrifugation (1350x g, 30 min) and analysis of
the Cd*" in the supernatant.

Analysis of residual phenanthrene

To determine the amount of phenanthrene removed
from the samples, the concentration of phenanthrene
in the supernatant was analyzed by spectrophotom-
etry at 254 nm. The percentage of phenanthrene
removed was calculated based on the content of
initial phenanthrene applied to the soil and final
content removed after the five stages of washing. Soil
samples, without phenanthrene and Cd**, washed
with the same surfactant-ligand solutions, were used
as controls.

Statistical analysis

The experiment was conducted using a factorial
scheme [(5 x 3) + 1] completely randomized design,
corresponding to five surfactants and three ligand (I")
concentrations as well as a control (distilled water),
with three repetitions. The data collected were
submitted to analysis of variance (ANOVA) at 5%
probability, followed by comparison of means (Tukey)
or regression analysis, when pertinent.

Results and discussion
Cd** soil removal by surfactants-ligand solutions

Pure biosurfactant solutions were able to remove
about 70% of Cd*" present in the soil, an amount
significantly higher than obtained with the synthetic
surfactant Triton X-100 solution, which removed
only 28.7% of the Cd*" (Table 3). The efficiency of
Triton X-100 in removing Cd*" in the absence of
ligand was low compared to the removal efficiency
achieved by the pure biosurfactant solutions (Fig. 1
and Table 3).

Cd*" removal increased significantly with the
number of washes and the ligand concentration for
most of the surfactants evaluated (Fig. 1). In combi-
nation with the largest ligand concentration, the total
removal of Cd*" obtained after the five stages of
washing reached values of 99.2% (LBBMA 111A),
99.2% (LBBMA 201), 84.4% (LBBMA 155), 74.1%
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Table 3 Cd*" removal of a Haplustox soil by surfactants combined with different concentrations of the ligand iodide (I7)

Surfactant Ligand Cd** initial Total Cd*" Ligand x Cd** Total Cd*"
(mol 171 (mg gf') removed (mg gf') (o, P, r2)c removed (%)

111A* [0] 1.124 0.808 cd 71.9

111A [0.168] 1.124 0.928 b o = 0.914%* 82.6

111A [0.336] 1.124 1.115 a ? =098 99.2

155* [0] 1.124 0.793 cd o= 1.178% 70.6

155 [0.168] 1.124 0.933 b p = —2.147° 83.0

155 [0.336] 1.124 0.949 b * =0.79 84.4

168* [0] 1.124 0.752 cd 66.9

168 [0.168] 1.124 0.793 cd o = 0.237%* 70.6

168 [0.336] 1.124 0.832 ¢ ? =0.76 74.0

201* [0] 1.124 0.767 cd o= 2.521%* 68.2

201 [0.168] 1.124 1.067 a p = —4.401%* 94.9

201 [0.336] 1.124 1.116 a =098 99.2

Triton X-100° [0] 1.124 0.323 f o = 2.856%* 28.7

Triton X-100 [0.168] 1.124 0.663 e = —4.885%* 59.0

Triton X-100 [0.336] 1.124 0.731 de ? =0.99 65.0

Water - 1.124 0.162 g 14.4

* LBBMA 111A Surfactant produced by isolate Bacillus sp. LBBMA 111A, LBBMA 155 Surfactant produced by isolate Bacillus
subtilis LBBMA 155, LBBMA 201 Surfactant produced by isolate Arthrobacter oxydans LBBMA 201, LBBMA 168 Surfactant

produced by isolate Flavobacterium sp. LBBMA 168
® Triton X-100 Synthetic surfactant

¢ Estimated parameters and 2 of linear (o) and quadratic (o, f§) regression models of I™ concentration and C

Significant at 10, 5 and 1% of probability, respectively

Means followed by the same letter, within a column, do not differ by Tukey test, at 5% of probability

(LBBMA 168) and 65.0% (Triton X-100) (Fig. 1 and
Table 3).

The mechanism suggested for the increase of
removal efficiency of Cd*" by the presence of I™ in
the washing solution is the formation of a molecule
formed by complexation of the target metal with the
ligand, followed by its retention within the surfactant
micelle (Umebayashi et al. 1997).

The presence of the ligand ion facilitated the
removal of metal ion from the soil, except when using
surfactant LBBMA 168, a flavolipid, whose removal
capacity was little influenced by the ligand, as the
total removal of Cd>" in the absence of the ligand,
obtained after the five wash stages reached 66.9%
(Fig. 1 and Table 3). The flavolipids are surfactants
with the ability to complex cadmium (Bodour et al.
2004).

High efficiency of Cd*' removal, after the five
washes was observed for LBBMA 201 (99.2%) and
LBBMA 111A (99.2%) surfactants (Fig. 1 and

removed. °, *, **

Table 3). The synthetic surfactant Triton X-100
reached removal efficiency values of 59 and 65%
when combined with 0.168 and 0.336 mol 17! of I,
respectively (Fig. 1 and Table 3). The removal of
Cd>* by water was less than 15% (Table 3).

When the soil was washed with solution contain-
ing Triton X-100, in the presence of 0.0, 0.168 and
0.336 mol 17! of ligand, the total removal of Cd*"
was 28.7, 59.0 and 65.0%, respectively, after five
washes (Fig. 1 and Table 3). It can be concluded that
in the absence of the ligand, Triton X-100 is not
effective in removing soil Cd*". However, in the
presence of the ligand, the removal of Cd*" increased
significantly (Fig. 1 and Table 3). This effect was
also observed by Shin and Barrington (2005). In that
work, the Cd*™ removal from soil contaminated by
Triton X-100 in the absence of iodide ligand was only
10% of Cd*™ present in the soil.

Anionic biosurfactants like the rhamnolipids have
a high ability to complex with heavy metals, showing
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Fig. 1 Effect of successive 0,30 v 111A 0,30 — 155
washings on the removal of U
Cd*" from soil. 111A —~ 0,25 S o 0.25
D o >—
(Surfactant LBBMA 111A), g )g/ i ] _é g)
155 (Surfactant LBBMA £ 0,20 v  _——— = 020+
g / —"78 °
155), 168 (Surfactant 3 //A/ 8 Q
v/
LBBMA 168), 201 8 o1 v . . ’ g 015
(Surfactant LBBMA 201), g )
TX-100 (Surfactant Triton & 010 8 % o104 v
X-100). ** Significant at 3 : o G, = 0.185**(1-e0410"n) 2= 0,689
1% of probability o C2=0.207**(1-0:393"n) r2= 0.558 C,=0.227**(1-e0472"'n) 2= 0.925
005+  °C;=0.253**(1-0369"n) 2= 0.626 005  C,=0.223"*(1-e0417"n) ;2= 0.785
1 2 3 4 5 1 2 3 4 5
Wash number (n) Wash number (n)
0,30 168 0,30 201
— C,=0.206 + 2.250**/n — 3.630**/n2 ~ o025
S 0,25 +1.650**/n3r2 = 0.689 D 42T 3 °
o [=2] —-.-8.-*—_-—1
g g AT ¥
= 0,20 £ 020 /
8 8 ® [ ]
5 s : ‘
£ 0154 £ 015 ¢
o e
& &
T 0,10 5 010 g
© o Cy= 0.175%*(1-e0373"n) 2= 0,705
C,=0.235**(1-e0-185"n) 2= 0.918
0,05 - 0,05 Ca=0.234"(1-e0183) 2= 0,724
1 2 3 4 5 1 2 3 4 5
Wash number (n) Wash number (n)
0,30
TX-100
0254  Cp=0.153**(1-e03%n) 2= 0,786
> Ca= 0.161**(1-e-0303"n) 12 = 0 589 Legend
£ 04 C,=0.0 mol L of I
3B — — — C,=0.168 mol L of I
3 v v Y — e (.= 1 of I
g 0,15 - ,8--"":-:—5_—:_—3 C;=0.336 mol L7 of |
o N |
& s
T 010 w M
o v H
L4 °
0,05 e ®
' 1 : o : :
1 2 3 4 5

Wash number (n)

a greater affinity towards Cd*" than towards other
common soil cations, such as Mg>™ and K™ (Mulligan
2005). This feature is important for the application of
these compounds in heavy metal-contaminated soil
washing process because plants and soil microorgan-
isms essential nutrients will be at least partially
preserved.

Pure biosurfactant solutions removed between 79
and 87% of phenanthrene present in the soil. These
values were significantly higher than the removal by
Triton X-100, which facilitated the removal of about
73% of the contaminant (Tables 3 and 4). Most of the
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phenanthrene (over 92% of the total removed) was
removed from the soil in the first stage of washing.
The result indicates that in commercial applications a
single soil wash with a solution of biosurfactants in
concentration equivalent to 2CMC is enough to
remove most of the phenanthrene and possibly other
organic hydrophobic contaminants.

Addition of the iodide ligand to surfactant solutions
did not significantly influence the removal of phenan-
threne, except for the Triton X-100 solution (Table 4
and Fig. 2). There was no detectable removal of
phenanthrene by water, emphasizing the necessity of
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Table 4 Efficiency of removal of phenanthrene, after treating the Haplustox soil with surfactants in the presence/absence of ligand

Surfactant Ligand PHE initial Total PHE removed (ug g~ ") Ligand x PHE Total PHE
(mol 171 (ng gfl) (o, B, rz)C removed (%)
111A* [0] 200 173.2 abc 86.6
111A [0.168] 200 174.0 abc o = 0.000 ™ 87.0
111A [0.336] 200 174.4 abc 2 = 0.00 87.2
155* [0] 200 1584 d 79.2
155 [0.168] 200 162.4 cd o = 0.750%* 81.2
155 [0.336] 200 168.8 abcd ? = 0.89 84.4
168* [0] 200 164.4 bed 82.2
168 [0.168] 200 165.6 abcd o = 0.015° 82.8
168 [0.336] 200 166.8 abcd 2 = 0.64 83.4
201* [0] 200 170.4 abc 85.2
201 [0.168] 200 175.6 ab o = 0.043%* 87.8
201 [0.336] 200 176.4 ab > = 0.65 88.2
Triton X-100° [0] 200 146.4 ¢ 732
Triton X-100 [0.168] 200 170.8 abc o = 0.226%* 85.4
Triton X-100 [0.336] 200 176.8 a > = 0.89 88.4
Water - 200 0.000 f 0.0

°, ** Significant at 10 and 1% of probability, respectively

# LBBMA 111A Surfactant produced by isolate Bacillus sp. LBBMA 111A, LBBMA 155 Surfactant produced by isolate Bacillus
subtilis LBBMA 155, LBBMA 168 Surfactant produced by isolate Flavobacterium sp. LBBMA 168, LBBMA 201 Surfactant

produced by isolate Arthrobacter oxydans LBBMA 201
® Triton X-100 Synthetic surfactant

¢ Estimated parameters and r* of linear («) regression model of I~ concentration and phenanthrene removed

Means followed by the same letter, within a column, do not differ by Tukey test at 5% of probability

including surfactants for the remediation of contam-
inated soils with hydrophobic pollutants.

Efficiency of surfactants-ligand solutions
in simultaneous removal of Cd*"
and phenanthrene

Phenanthrene was removed with efficiency by solu-
tions containing only biosurfactants at a concentra-
tion equivalent to 2CMC (Table 4). The addition of
iodide ligand to biosurfactant solutions did not affect
their ability to remove phenanthrene. If on the one
hand the addition of ligand did not result in greater
removal efficiency of the hydrophobic compound, on
the other hand it didn’t compromise the removal. For
removal of Cd*", and possibly other heavy metals, a
high ligand concentration increased the efficiency of
the surfactants, especially LBBMA 111A, LBBMA
168 and Triton X-100 (Fig. 1 and Table 3).

Based on the results of this work, it can be
concluded that solutions containing a surfactant-
ligand combination efficiently remove Cd*" and
phenanthrene from contaminated soil. A plausible
mechanistic scheme for the removal process involves
initial ligand—metal complexation to form ionic
species, followed by internalization of the Cd-I"
complex and phenanthrene in the hydrophobic core of
the surfactant micelles (Shin et al. 2004). It is
proposed that surfactant-ligand solutions are also
capable of simultaneously removing other hydropho-
bic and metallic pollutants from contaminated soil
and sediment.

Conclusions
The removal of Cd*" by the surfactant in contami-

nated soil was significantly improved by the presence
of iodide. Surfactant/ligand systems can efficiently
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E 20 S1C1: y=11,5769* e ¢33703%,  2=0,9976

<& $1C2: y=9,0112** e 298870,  2=0,9984
‘e 160 S1C3: y=8,0008** g ¢2.9887"%),  2=0,9973
= S2C1: y=15,2775* o (36966"%), 2=0,9991
= 0 S2C2: y=12,7988* & (350390,  2=0,9979
° $2C3: y=15,2020 e (36436"0;  2=0,9890
2 $3C1:y=15,8839 e (368240, 2 =0,9840
£ 80 S3C2: y=19,8482*** g (-3.8986"'%); r2=0, 9982
= $3C3:y=17,6163* & (37777,  12=0,9988
2 0 S4C1: y=14,3442 e ¢35648™0);  [2=0,9952
£ S4C2: y=9,3861* £ ¢3.1333"0;  2=0,9952
= S4C3: y=7,4380** 28950,  2=0,0984
g 20 S5C1: y=3,9932** g 24782,  2=0,9916
2 S5C2: y=09,2238"*  ¢3.1183"),  12=0,9996
o S5C3: y=7,0527** ¢ 28353™);  2=0,0984

Wash number

Fig. 2 Effect of successive washings on phenanthrene removal
from soil. S1 (Surfactant LBBMA 111A), S2 (Surfactant
LBBMA 155), S3 (Surfactant LBBMA 168), S4 (Surfactant

remove phenanthrene, and this removal is also suc-
cessful in the presence of the ligand. The increase in the
ligand concentration improved the removal of Cd*™,
but with a smaller effect on the removal of phenan-
threne. Cd*" and phenanthrene can be removed
simultaneously from soils by using a surfactant-ligand
solution.
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