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A study was conducted on the effect of two different
biological factors,microbial surfactantsandbiodegradation,
on the kinetics of partitioning of polycyclic aromatic
hydrocarbons (PAHs) from nonaqueous-phase liquids
(NAPLs). The effect of rhamnolipid biosurfactants on
partitioning into theaqueousphaseof naphthalene, fluorene,
phenanthrene, and pyrene, initially dissolved in di-2-
ethylhexyl phthalate(DEHP)or2,2,4,4,6,8,8-heptamethylnonane
(HMN), was determined in multiple-solute experiments.
Biosurfactants at a concentration above theCMCenhanced
the partitioning rate of fluorene, phenanthrene, and
pyrenebut were ineffectivewithnaphthalene.Enhancement
of partitioning was also observed in the presence of
suspended humic acid-clay complexes, which simulated
the solids often present in the subsurface. Biosurfactants
sorbed to the complexesmodifiedPAHpartitioning between
theNAPLand these solids, increasing the fraction of solid-
phase PAH. Biodegradation-driven partitioning was
estimated in mineralization experiments with phenanthrene
initially present in HMN and three representative soil
bacterial strains, differing in their potential adherence to
theNAPL. In thethreecases, theratesofmineralizationwere
very similar and significantly higher than the abiotic rate
of partitioning.Our studysuggeststhat inNAPL-pollutedsites,
partitioning of PAHmay be efficiently enhanced by in
situ treatments involving the use of biosurfactants and
biodegradation.

Introduction
Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic
pollu tan ts often in troduced in to the subsurface as dense
nonaqueous-phase liquid (NAPL)m ixtures, such as creosote
or coal tar, that represen t long-term sources of risk (1). Pump-
and-treat remediation of soils and aquifers pollu ted with
such m ixtures is difficult due to the tendency of these
compounds to remain in the separate phase. In situ flushing
with syn thetic surfactan t solutions (2) and solven t extraction
(3) have become alternative techn iques to increase the
efficiency of NAPL recovery. However, factors such as cost,
toxicity, and biodegradability of the surfactan ts and solven ts

still lim it their application . Some of these problems may be
circumven ted by in situ biotreatmen t approaches, which
provide some advan tages in term s of cost, environmental
impact, and social acceptance. Of these alternatives, the use
of m icrobial biosurfactan ts in flushing solutions (4) and the
bioremediation of NAPL constituen ts by indigenous or
in troduced m icroorgan isms (5) can be considered the most
viable.
Laboratory and field studies have shown that m icrobially

produced surfactan ts can be successfully used for environ-
men tal applications, for example in remediation of pollu tion
by heavymetals (6, 7), petroleum hydrocarbons (8), and BTEX
compounds (4). It is conceivable, therefore, that biosurfac-
tan ts could efficien tly increase partition ing in to the aqueous
phase of PAHs presen t in NAPL mixtures. Biosurfactan ts
typically promote the solubilization ofhydrophobic chemicals
by form ing molecular aggregates, called m icelles, which
con tain hydrophobic domains where the chem icals are
incorporated. Indeed, biosurfactants can solubilize pure solid
PAHs, such as phenan threne, increasing their bioavailability
and rate of biodegradation (9, 10), although m icelle-bound
PAHs are not available per se and have to be transferred
from the m icelle to the cell to be assim ilated (11). To our
knowledge, there are no studies on the possible mechan isms
involved in partition ing of NAPL-dissolved PAH in the
presence of biosurfactan ts.
The biodegradation of PAH presen t in NAPLs has been

found to be severely lim ited by the slow kinetics of abiotic
mass transfer or partition ing of these hydrophobic com -
pounds in to the water phase (12). Treatmen ts that promote
partitioning, such as slurrying, vigorous shaking, and addition
of syn thetic surfactan ts, often have a positive effect on
biodegradation rates during laboratory-scale bioremediation
of NAPL-pollu ted soils (13-15). However, experimen tal
studies with pyrene (16), phenanthrene (17-19), naphthalene
(20), and styrene (21) in NAPL/ water systems determ ined
that m icroorgan isms often degrade these hydrocarbons at
h igher rates than predicted by abiotic partition ing in to the
bulk aqueous phase. The physicochem ical and biological
processes causing this poor prediction capacity for biodeg-
radation rates remain to be clarified. They may be related to
m icrobial populations growing at the NAPL/ water in terface
or to the production of biosurfactan ts that promote parti-
tion ing (5), but there is little evidence available to support
one or other mechan ism .
This research constitu tes an in tegrated study on the effect

of biosurfactan ts and biodegradation on partition ing of PAH
in itially dissolved in NAPLs. We employed a biphasic NAPL/
water system with two model NAPLs con tain ing PAHs with
differen t octanol/ water partition ing (log Kow) coefficien ts.
The kinetics of partition ing in to the aqueous phase was
determ ined in the presence of biosurfactan t m icelles, model
soil solids, and PAH-degrading bacteria. Our main objectives
were (i) to compare the effects of biosurfactan ts on parti-
tion ing of differen t PAHs in differen t NAPLs, (ii) to determ ine
if degrading bacteria promote partition ing, and, if so, (iii) to
determ ine the possible mechan ism (s) involved.

Materials andMethods
Chemicals. Naphthalene, fluorene, phenan threne, pyrene,
di-2-ethylhexyl phthalate (DEHP), 2,2,4,4,6,8,8-heptameth-
ylnonane (HMN), and Triton X-100 were purchased from
Sigma Chem ical Co., Steinheim , Germany. [14C]-Phenan-
threne was also obtained from Sigma (8.3 mCi/ mmol,
radiochem ical purity>98%). The physicochem ical constan ts
(at 25 °C) of each of the NAPLconstituen ts used, relevan t for
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th is study and available in the literature (18, 19, 22), are
solubility in water or Sw (in mg/ L), octanol-water partition
coefficien t or log Kow, Henry’s Law constan t KH (in L atm /
mol) or log KH, density (in g/ mL), and viscosity (in cP). The
values corresponding to each compound are as follows:
naphthalene (Sw: 31; log Kow: 3.36; log KH: -0.37); fluorene
(Sw: 1.9; logKow: 4.18; logKH:-1.14); phenan threne (Sw: 1.1;
log Kow: 4.57; log KH:-1.59); pyrene (Sw: 0.13; log Kow: 5.13;
logKH:-2.05);HMN (Sw: 0.278! 10-3; logKow: 10.1; density:
0.793; viscosity at 22 °C: 3.18); DEHP (Sw: 0.34; log Kow: 7.9;
density: 0.981; viscosity at 20 °C: 81.4).
Bacteria, Media, and Cultivation. The bacteria used in

this study originated from PAH-con tam inated soils and were
able to grow with phenan threne as the sole source of carbon
and energy. The Mycobacterium strain LB307T was isolated
by a novel method using Teflon membranes con tain ing
sorbed PAHs for the enrichmen t and recovery of adheren t
bacteria from soil; Sphingom onas sp . LH128 was isolated
through the water-enrichment method (23). Both strains were
kindly provided by D. Springael (Vlaamse Instelling voor
Technologisch Onderzoek, Mol, Belgium ). Zeta poten tials
and water con tact angles (!W) of bacterial cells, which were
grown as described below for m ineralization experimen ts,
were, respectively, -22.3 mV and 85.7° for strain LB307T,
and -22.9 mVand 32.3° for strain LH128 (M. Lahlou, IRNA,
personal communication ). According to a classification
proposed elsewhere (24), the Mycobacterium strain is h ighly
hydrophobic, with !W above 70°, whereas the Sphingom onas
strain is hydrophilic, with !W below 35°. Neither of these two
bacteria produced biosurfactants when growing with phenan-
threne as the sole source of carbon and energy, as estimated
by surface tension measuremen ts of culture supernatan ts.
Pseudom onas aeruginosa 19SJ, a bacterium that produces
rhamnolip id biosurfactan ts when growing with phenan-
threne or mann itol (25), was also used. It was a gift from E.
Déziel (Institu te Armand-Frappier, Un iversité du Québec,
Canada). Two differen t media were used to grow the strains:
a Tris m in imal medium (23) for strains LH128 and LB307T
and SWF medium for strain 19SJ (25). The bacteria were
routinely main tained in the corresponding m ineral salts
medium con tain ing 0.2% (w/ v) of phenan threne which was
added in crystalline form .
Biosurfactants.The rhamnolipid biosurfactants produced

by P. aeruginosa 19SJ were purified, following a procedure
described previously (10), from cultures grown in 2-L
Erlenmeyer flasks that con tained 1 Lof SWF medium and 10
g ofmannitol as the sole source of carbon . The concen tration
of rhamnolip id was estimated as rhamnose equivalen ts (RE)
with a modified orcinol method (25). The detection lim it of
th is method was 1 µg/ mL. Surface tension of rhamnolip id
solutions dilu ted with SWF medium was determ ined at 25
°C with a TD1 Lauda ring tensiometer. The critical m icelle
concentration (CMC) of rhamnolipid, calculated as the lowest
concen tration not leading to a sign ifican t decrease in surface
tension , was 50 µg/ mL. This is a commonly determ ined CMC
value for the rhamnolip ids produced by P. aeruginosa in
liquid culture, which are composed main ly of L-rhamnosyl-
3-hydroxydecanoyl-3-hydroxydecanoate and L-rhamnosyl-
L-rhamnosyl-3-hydroxydecanoyl-3-hydroxydecanoate, be-
sides a small proportion of other congeners with variable-
length hydrocarbon chains (C10-C18) (26).
Clay and Humic Acid-Clay Complexes. Smectite (Swy-

2, UniversityMissouri-Columbia,MO, size<2 µm) and stable
associations of th is clay and hum ic acids (from soils
neighboring San ta Olalla lagoon - Doñana National Park,
Huelva, Spain)were prepared following procedures described
previously (27). The fractional organ ic carbon con ten t (foc)
was 0.013, as determ ined by elemen tal analysis performed
in a LECO CHNS932 elemen tal analyzer. Purified clay had
undetectable levels of foc.

Partitioning Experiments. Experimen ts of PAH parti-
tion ing from NAPLs were performed at 25 °C in duplicate
according to the constant-in terfacial area method of Efroym-
son and Alexander (17). Kinetics of partition ing from NAPLs
were determ ined in 250-mL Erlenmeyer flasks con tain ing
100 mL of sterile SWF medium and the desired amoun ts of
suspended solids (clay and humic acid-clay complexes) and/
or biosurfactan ts. An open-ended glass tube (2 cm in
diameter, 10 cm long) was placed vertically in each flask to
con tain the NAPL. Four slots (6 mm long, 2 mm wide) were
cut at the base of the tube to allow exchange of aqueous
solution between the inside and outside of the cylinder. One
m illiliter of NAPL (DEHP or HMN) was added to the surface
of the aqueous phase inside the tube. Because of its lower
density, it remained floating on the surface of the water phase
inside the tube. The NAPLcon tained 1 mg of phenan threne,
for single partition ing experimen ts, or 1 mg of each model
PAH (naphthalene, phenan threne, fluorene, and pyrene), for
multip le partition ing experimen ts. The flasks were closed
with Teflon-lined stoppers and main tained on a rotary shaker
operating at 80 rpm . At time in tervals, the aqueous solution
outside the glass tube was sampled, and the concen tration
of PAH in aqueous solution was measured by direct in jection
in to a Waters HPLC system (2690 separations module and
474 scann ing fluorescence detector. Column: Nova-Pak C18
Waters, 3.9 ! 150 mm; flow: 1 mL/m in ; mobile phase: 60%
aceton itrile 40% water; excitation wavelengths (in nm ): 270
(naphthalene), 248 (phenan threne), 270 (fluorene), and 270
(pyrene); em ission wavelengths (in nm ): 323 (naphthalene),
374 (phenan threne), 323 (fluorene), and 400 (pyrene). In
experimen ts with suspended solids, the amoun ts of PAH in
solution and associated to solids were determ ined in the
supernatan t and in the pellet, respectively, of separate
samples (2 mL) that were cen trifuged at 12 000! g for 2 m in .
The pellet was extracted with 2 mL methanol during 5 m in ,
and, after cen trifugation to remove the solids, the extract
was analyzed by HPLC. Prelim inary assays confirmed the
efficiency of th is procedure for the complete extraction of
sorbed PAH. The m ild shaking conditions and the use of the
tube to con tain the NAPL preven ted the dispersion of the
organ ic phase. Indeed, no increase in turbidity was observed
in the aqueous phase during partition ing experimen ts with
biosurfactan t solutions, indicating that the NAPL-water
in terfacial area remained constan t during the experimen tal
period.
In experimen ts involving suspended model solids (clay

and hum ic acid-clay complexes), the volumes and exchange
areas of the differen t phases were assumed constan t during
the process. Previous work from this laboratory (28) has
shown that the in itial steps of sorption of PAH to suspended
clay and hum ic acid-clay complexes, leading to a compound
sorbed main ly as a “labile” form , are very fast, taking less
than an hour to achieve apparen t equilibration . Therefore,
it was also assumed that sorption to these solids was much
faster than partition ing from NAPLs in to the aqueous
solution , and that desorption from solids was not rate lim iting
relative to phase transfer from the NAPL. Thus, the hypothesis
of local equilibrium between the aqueous phase and the
solids was used,while the concentration in the aqueous phase
was considered directly proportional to the distance to
equilibrium with the NAPL

where CW is the aqueous concen tration of PAH at time t,
CW

eq is the aqueous concen tration that would be in equi-
librium with the NAPL, k ʹ′ is a mass-transfer rate constan t,

dCW

d t ) k ʹ′(CW
eq - CW) (1)

CW ) KDC
S (2)
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C S is the solid concen tration of PAH, and KD is the aqueous/
solid partition coefficien t.
To compare the results for treatmen ts with and without

suspended solids, a PAH effective aqueous phase concentra-
tion , C, was defined as the sum of the mass of PAH in the
aqueous and the solid phases per un it volume of aqueous
phase. In a sim ilar way, the effective aqueous phase equi-
librium concen tration ,Ceq, was defined as the value ofC that
would be in equilibrium with the NAPL.When no solids were
presen t, the values of C and Ceq were equal to CW and CW

eq.
As long as the local equilibrium hypothesis applies, eq 1

can be rewritten as

If the value of Ceq does not change, the in tegration yields

Calculation of Ceq and k was performed by fitting th is
equation to the experimen tal data by non linear regression .
For those cases in which there is a sign ifican t depletion of
the PAH dissolved in the NAPL, the value of Ceq will also
decrease with time, and this variation , assum ing a linear
distribution between the PAH concen trations in the NAPL
(CN) and the aqueous phase (Ceq ) KCN), can be obtained
from the mass conservation as

where VW and V N are the phase volumes. In th is case,
simultaneous in tegration of eqs 3 and 5 is required to obtain
the values of Ceq and k . The maximum rates of effective
partition ing were obtained by multip lying the in itial value
of Ceq by k . Statistical comparisons were performed with
analysis of variance and Scheffé post-hoc tests at P ) 0.05.
To assess the possible effect of partition ing from the

aqueous phase in to the headspace on these rates, con trols
were run in 250-mLErlenmeyer flasks con tain ing 100 mL of
culture medium and differen t concen trations of dissolved
phenan threne (0.007 to 0.800 µg/ mL). The flasks were
main tained at 25 °C and 80 rpm and were periodically
sampled for direct HPLCanalysis ofphenanthrene in solution.
No sign ifican t decreases in aqueous-phase phenan threne
concen trations (15%sin the con trol with 0.007 µg/ mLsor
less) were detected with in a time period of 7 h, the period
in which the maximum rate of partition ing occurred during
the experiences with NAPLs. Because no volatilization
con trols were run for the other PAHs, it is possible that,
according to their somewhat higher Henry’s Law constan ts,
the actual rates of partition ing of naphthalene and fluorene
may have been slightly underestimated. However, because
the flasks were closed with Teflon-lined stoppers during the
experiences, no sign ifican t losses from the system were
expected for any of the four PAHs used.
It is also possible that partition ing of rhamnolip ids

occurred to some exten t in to the NAPL phase. Because the
main objective of our study was to determ ine partition ing
of PAH, no attempt was made during partition ing experi-
men ts to measure actual aqueous biosurfactan t concen tra-
tions. However, taking in to accoun t a dimension less NAPL-
aqueous partition coefficien t of 0.31, previously reported for
P. aeruginosa rhamnolip ids (4), the total concen trations of
rhamnolip ids used (10 and 100 µg/ mL) were not expected
to change sign ifican tly. The calculated aqueous concen tra-
tions at equilibrium were, respectively, 9.97 and 99.7 µg/ mL.
Sorption Experiments. Sorption of biosurfactan ts to

hum ic acid-clay complexes was determ ined at 25 °C in 14-

mL screw-cap tubes completely filled with SWF medium .
The tubes con tained 50 mg of complexes and the desired
concen tration of rhamnolip ids, which were completely
dissolved in to the aqueous phase. These suspensions were
equilibrated for 3 h on a rotary shaker operating at 150 rpm
and then cen trifuged at 12 000 ! g for 5 m in . The aqueous
concen tration of rhamnolip ids at equilibrium was deter-
m ined in the supernatan t as described above, and the sorbed
concen tration was calculated by difference. No biosurfactan t
losses were detected in blank tubes without sorben ts.
Prelim inary experiences showed that a complete equilibration
was achieved after 3 h.
Mineralization Experiments. Minimal estimates for

partition ing rates of phenan threne in the presence of
degrading bacteria were determ ined in 250-mL biometer
flasks (Bellco glass, NJ) con tain ing the bacterial suspension
and 1 mL of NAPL that was placed inside the same glass
cylinders used in abiotic partitioning experiments. To prepare
bacterial inocula for experimen ts, the bacterial strains were
grown in 2-LErlenmeyer flasks con tain ing 1 Lof the medium
of choice and 2 g of phenan threne at 30 °C on a rotary shaker
operating at approximately 200 rpm . Cultures in the late
exponen tial phase were passed through a 40-µm-pore glass
frit to remove remain ing crystals of the hydrocarbon , and
then the cells were collected by cen trifugation . The bacterial
pellets were washed with buffer at least twice and resus-
pended in an inorgan ic salts solu tion adjusted to pH 5.7, and
the number of bacteria was determ ined as colony-form ing
un its by plating serial dilu tions of th is suspension on tryptic
soy agar (28). Duplicate 100-mL portions of the bacterial
suspension , con tain ing approximately 107, 105, or 3 ! 107
cells/ mL, for strains LH128, LB307T, and 19SJ, respectively,
were added to the biometer flasks, and each flask received
its glass tube. One m illiliter of HMNscon tain ing 40 000 to
60 000 dpm of 14C-labeled phenan threne and sufficien t
un labeled substrate to give 1 mg/ mL NAPLswas added to
the surface of the aqueous phase inside the tube. Sign ifican t
bacterial growth was on ly expected for experimen ts with
strain LB307T, considering the cell densities used, the
concentration of substrate in itially presen t (10 µg/mL aque-
ous phase), and that the amoun t of substrate needed to form
one bacterial cell is approximately 1 pg (5). The flasks were
closed with Teflon-lined stoppers and incubated at 25 °C on
a rotary shaker operating at 80 rpm . 14CO2 production was
measured as radioactivity appearing in the alkali trap of the
biometer flasks. The trap con tained 1 mL of 0.5 M NaOH.
Periodically, the solution was removed from the trap and
replaced with fresh alkali. The NaOH solution was m ixed
with 5mLof liquid scin tillation cocktail (ReadySafe, Beckman
Instrumen ts, Fullerton , CA), and the m ixture was kept in
darkness for about 8 h for dissipation of chem ilum inescence.
Radioactivitywas measured with a liquid scin tillation counter
(Beckman Instruments, Inc., Fullerton , CA;modelLS5000TD).
Biodegradation -driven partition ing rates were estimated
directly from maximum mineralization rates. They were
calculated as the slope of the regression lines drawn with the
poin ts belonging to the phase of maximum mineralization
(20). The calculated rates were compared to the partition ing
rates of phenan threne measured under the same conditions,
but without bacteria nor 14C-labeled phenan threne, in
separate partition ing experimen ts involving measuremen ts
by HPLC. No attempt was made to determ ine abiotic
partition ing rates by using the 14C-labeled compound and
liquid scin tillation coun ting, according to the low concen-
trations expected in the aqueous phase and the radiochemical
purity of the chem ical (> 98%).
Some m ineralization experimen ts were performed in the

presence of 0.1% Triton X-100, a known inhibitor of cell
adhesion (20, 27). The critical m icelle concen tration of th is
nonion ic surfactan t, as determ ined at 25 °Cwith a TD1 Lauda

dC
d t ) k(Ceq - C) (3)

C ) Ceq(1 - exp(-kt)) (4)

dCN

d t ) 1
K
dCeq
d t ) - Vw

VN
dC
d t (5)
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ring tensiometer (Lauda, Germany), was 0.01%. The abiotic
partition ing of phenan threne from the NAPLin the presence
of th is surfactan t was also measured in separate partition ing
experimen ts. Some phenan threne partition ing experimen ts
were also performed in parallel to m ineralization assays, after
killing the bacteria with 0.5 mL of 40% formaldehyde at the
beginn ing of the phase of maximum mineralization . These
flasks were prepared like those for m ineralization determ i-
nations but con tained no 14C-labeled phenan threne. In these
cases, the amoun ts of PAH in solution and associated to
bacterial cells were determ ined byHPLC as already described
for partition ing experiments with suspended solids. Effective
partition ing rates and Ceq were also calculated as indicated
above but excluding the in itial phase in which no compound
was detected in the aqueous phase.
The adherence of bacteria to HMN was tested with a

modified assay of m icrobial adhesion to hydrocarbons (25).
HMN (0.25 mL) and 1 mL of the cell suspension , prepared
as described above for m ineralization experimen ts, were
vortexed in a test tube. After 30m in of equilibration , adhesion
was estimated from the loss of absorbance at 400 nm as a
result of adhesion to the NAPL.

Results
Partitioning of Phenanthrene from NAPLs.The partition ing
of phenan threne from HMN and DEHP in to the aqueous
phase is shown in Figure 1A. Phenan threne partition ing from
HMN led to higher aqueous concen trations than from DEHP.
The maximum rates of phenan threne mass transfer in to the
water phase were 2.7 ( 0.1 ng/ mL/ h and 0.6 ( 0.0 ng/ mL/ h
when the compound was in itially presen t in HMN and DEHP,
respectively. Values for Ceq were 50.4 ( 0.4 ng/ mL for HMN
and 4.4 ( 0.3 ng/ mL for DEHP.
Partition ing of phenanthrene from HMN into the aqueous

phase was not substantiallymodified by the presence of solids
suspended in the aqueous phase (Figure 1B). Sorption to
clay and humic acid-clay particles led during the experiments
to somewhat lower aqueous concentrations ofphenanthrene.
Figure 1B shows a good agreemen t between predicted and
experimen tally determ ined phenan threne concen trations,
indicating that the model adequately describes partition ing
from a NAPL. Sorption to the organ ic-free clay particles in
such aqueous system was low, although it was measurable.
The calculated equilibrium concen trations in the solid phase
were 4.1 ( 1.0 and 13.4 ( 1.6 ng/ mg for clay and hum ic
acid-clay particles, respectively. The greater capacity of the
complexes to sorb phenan threne was probably attributable
to the presence of organ ic matter in the particles, to which
th is hydrophobic compound may have associated (28).
Effect of Biosurfactants on PAHPartitioning.Since PAHs

usually exist in the environment not as individual compounds
but as m ixtures, multip le partition ing experimen ts were
conducted with naphthalene, fluorene, phenan threne, and
pyrene. The PAHs were dissolved in HMN or DEHP at 1 mg/
mL, and their partition ing in to the water phase was measured
simultaneously in the presence of biosurfactan ts at con-
cen trations below (10 µg/ mL) and above (100 µg/ mL) the
CMC. Without biosurfactan ts, partition ing in to the water
phase had an inverse relationship with the log Kow of the
compounds, the aqueous concen trations being higher with
naphthalene, lower with fluorene and phenan threne, and
lowest with pyrene (Figure 1C). The partition ing rates and
Ceq values calculated by non linear regression of these results
with eq 3 are shown in Table 1. It should be noted that the
resulting partition ing rate of phenan threne was somewhat
higher than the obtained in single-solute experiments (Figure
1A). The differences were, however, not statistically sign ifi-
can t.
The effect of biosurfactan ts on partition ing rate and Ceq

depended strongly on the iden tity of the PAH and the NAPL
(Table 1). Biosurfactan ts did not cause statistically sign ifican t
increases in the rate of partition ing of naphthalene, in either

FIGURE1. (A)PartitioningofphenanthrenefromHMN(b)andDEHP
(0). (B) Influenceofsuspendedclayandhumicacid-clayparticles
on partitioning of phenanthrene from HMN. Symbols represent
phenanthreneconcentrations(inng/mLforall cases)intheaqueous
phase without solids (O), with clay (2), and humic acid-clay
complexes (9) and in the solid phase of suspensions containing
clay (0) or complexes (!). (C) Multiple partitioning experiment
showingpartitioningofnaphthalene(b), fluorene(2),phenanthrene
(O), and pyrene (0) fromHMN. Solid lines represent fits to eq 3.
Errorbarsrepresent standarddeviationsofduplicate experiments.
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HMN or DEHP, compared with the con trol. The rates of
partition ing of fluorene, phenan threne, and pyrene were
sign ifican tly increased by 100 µg/ mL biosurfactan ts. The
increase was highest (more than 20-fold) in the case ofpyrene.
Statistically sign ifican tly higher values of Ceq were also
determ ined in the presence of biosurfactan ts (100 µg/ mL) in
the four PAHs when they were in itially dissolved in HMN.
The relative enhancemen ts of partition ing rate and Ceq were
positively correlated with the hydrophobicity of the com -
pounds. In DEHP, biosurfactan ts increased Ceq of fluorene
and phenan threne, although to a lesser exten t than in HMN,
and were ineffective with naphthalene. Biosurfactan ts at a
concen tration below the CMC (10 µg/ mL) caused increases

in partition ing rates and Ceq values, but the differences were
statistically sign ifican t on ly for Ceq of pyrene in itially presen t
in HMN.
Partition ing experimen ts were also performed with the

four PAHs dissolved in HMN and aqueous suspensions of
hum ic acid-clay complexes, which simulated the suspended
solids that are often presen t in the subsurface. The results
of these experimen ts are shown in Table 2. Without bio-
surfactan ts, the four PAHs sorbed sign ifican tly to the solids,
which led to a total PAH concen tration of 96.6 mg/ kg in
suspensions con tain ing 1 mg/ mL solids. The effective
partition ing rates (i.e., calculated from the sum of each PAH
partitioned in to the aqueous phase plus that sorbed to the

TABLE1. Effect of Biosurfactants onPartitioningof PAHs fromNonaqueous-Phase Liquidsa

PAH NAPL
biosurfactant
(µg/mL)

partitioning rate
(ng/mL/h) Ceq (ng/mL)

naphthalene HMN 0 60.0 ( 4.5A 846.6 ( 15.0A
10 72.0 ( 10.8A 920.8 ( 15.1A
100 86.5 ( 5.9A 1415.4 ( 10.0B

DEHP 0 15.3 ( 5.8A 135.6 ( 10.0A
10 17.4 ( 11.0A 125.9 ( 3.3A
100 21.4 ( 1.5A 137.4 ( 2.4A

fluorene HMN 0 10.3 ( 1.0A 214.5 ( 2.0A
10 13.2 ( 1.6A 308.2 ( 25.8A
100 25.0 ( 4.7B 1365.2 ( 98.4B

DEHP 0 1.4 ( 0.4A 22.2 ( 1.1A
10 1.5 ( 0.5AB 21.30 ( 2.6A
100 3.5 ( 0.5B 34.5 ( 2.2B

phenanthrene HMN 0 4.8 ( 1.4A 59.6 ( 7.8A
10 9.4 ( 2.5A 96.1 ( 24.7A
100 27.7 ( 0.1B 636.4 ( 10.0B

DEHP 0 0.5 ( 0.0A 4.4 ( 0.2A
10 1.5 ( 0.5A 4.6 ( 0.2B
100 78.7 ( 18.9Bb 15.1 ( 1.1C

pyrene HMN 0 0.5 ( 0.0Ac 17.8 ( 4.2Ad

10 1.6 ( 0.6Ac 85.1 ( 27.8Bd
100 11.6 ( 0.4Bc 547.4 ( 18.6Cd

a Reported values are means ( one standard deviation. For each PAH and NAPL, values in a column followed by the same capital letter are
not significantly different (P) 0.05). b Due to fast partitioning, the value reported was calculated from the first time point taken after 15min.c Values
calculated by linear regression with 10 time points (first 24 h). d Maximum experimental values because no equilibrium was achieved within the
experimental period.

TABLE2. Influence of Biosurfactants onPartitioningof PAHs betweenHeptamethylnonane andSuspensions of Model Subsurface
Solidsa

PAH
solids
(mg/mL)

biosurfactants
(µg/mL)

partitioning rate
(ng/mL/h) Ceq (ng/mL)

eqconcn in solids
(ng/mg) Kdb (mL/g)

naph. none none 60.0 ( 4.5A 846.6 ( 15.0A NAc NA
1 none 62.7 ( 13.6A 896.7 ( 124.4AC 42.5 ( 4.3A 50.7 ( 12.7A
2 none 56.1 ( 7.2A 912.7 ( 105.1AC 26.1 ( 5.4A 30.2 ( 3.0A
1 10 65.8 ( 2.3A 882.6 ( 25.3AC 53.7 ( 12.9AB 64.7 ( 14.6A
1 100 113.4 ( 9.7AB 1748.7 ( 247.0B 88.1 ( 7.5B 53.3 ( 3.2A

fluor. none none 10.3 ( 1.0A 214.5 ( 2.0A NA NA
1 none 10.9 ( 1.7A 218.8 ( 13.9A 25.4 ( 3.3A 131.1 ( 9.6A
2 none 8.7 ( 0.5A 246.5 ( 23.5A 20.8 ( 2.6A 101.2 ( 3.4A
1 10 10.9 ( 0.4A 224.0 ( 10.8A 41.2 ( 7.9A 224.9 ( 39.9B
1 100 42.4 ( 1.2C 1202.4 ( 270.4B 83.9 ( 11.3B 75.9 ( 7.5A

phen. none none 4.8 ( 1.4A 59.6 ( 7.8A NA NA
1 none 5.1 ( 1.5A 60.2 ( 3.1A 12.9 ( 1.4A 271.0 ( 20.2A
2 none 2.9 ( 0.9A 111.7 ( 39.9A 14.4 ( 4.1A 176.3 ( 17.3AB
1 10 4.8 ( 0.2A 79.0 ( 3.6A 25.1 ( 4.0AB 464.4 ( 76.9C
1 100 93.5 ( 1.9C 608.9 ( 15.9B 32.1 ( 4.6B 55.7 ( 6.8B

pyr. none none 0.5 ( 0.0Ad 17.8 ( 4.2Ae NA NA
1 none 0.7 ( 0.4Ad 26.6 ( 2.1ABe 15.8 ( 1.6Ae 1574.2 ( 674.7Ae

2 none 1.0 ( 0.3Ad 26.6 ( 0.5ABe 10.6 ( 0.3Ae 329.0 ( 25.0Ae

1 10 1.7 ( 0.4Ad 26.3 ( 2.6ABe 16.3 ( 6.6Ae 1878.4 ( 1379.8Ae

1 100 27.4 ( 1.1Cd 650.4 ( 12.7De 39.6 ( 1.8Be 64.7 ( 1.8Ae

a Reported values aremeans( one standard deviation. For each PAH, values in a column followed by the same capital letter are not significantly
different (P) 0.05). Statistical analysis of partitioning rates and Ceq were performed together with those shown in Table 1 for HMN. b Kd, solids/
aqueous phase distribution coefficient. c NA, not applicable. d Values calculated by linear regression with 10 time points (first 24 h). e Maximum
experimental values because no equilibrium was achieved within the experimental period.
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solids) of none of the PAHs were sign ifican tly affected by
doubling the concen tration of suspended solids or by a low
concen tration of biosurfactan ts (10 µg/ mL). However, sus-
pensions of hum ic acid-clay complexes con tain ing biosur-
factan ts at 100 µg/ mL enhanced the effective partition ing
rates of the four PAHs tested. At a biosurfactan t concentration
above the CMC, the resulting partition ing rates were higher
in the presence ofmodel solid particles than in their absence
(Table 1) for fluorene, phenan threne, and pyrene. Values for
Ceq were also statistically higher for pyrene (547.4 and 650.4
ng/ mg without and with complexes, respectively).
The values of the solids/ water distribution coefficien t,

KD, obtained in suspensions with 10 µg/ mL biosurfactan ts
were, for fluorene and phenan threne, also higher than in the
absence of rhamnolipids (Table 2). This suggests an enhanced
PAH-sorption capacity of the solids induced by sorbed
biosurfactan ts. Sorption of biosurfactan ts to the solids was
determ ined in separate batch experimen ts. Suspensions
con tain ing hum ic acid-clay complexes and 30 or 87 µg RE/
mL rhamnolipids were equilibrated for 2 h. After centrifuga-
tion , the concen trations of biosurfactan ts remain ing in
solution were, respectively, 19.35( 0.35 µg RE/mL(reflecting
a solid-phase rhamnolip id concen tration , Cs, of 2.98 ( 0.10
µg RE/mg) and 63.03 ( 2.05 µg RE/mL (Cs ) 6.72 ( 0.57 µg
RE/mg). However, in partition ing experimen ts (Table 2) on ly
at a concen tration of 100 µg/ mLdid the biosurfactan ts cause
statistically higher con ten ts of individual PAHs in the
suspended solids. This resulted in doubling the final con ten t
in total PAH (243.6 mg/ kg), compared with the con trol
without biosurfactan ts. At this concentration of rhamnolipid,
the values for KD were, however, not statistically differen t or
(as in the case of phenan threne) even lower than without
biosurfactan ts.
Effect of Biodegradation on Phenanthrene Partitioning.

To assess the effect of degrading bacterial populations on

partition ing of PAH from NAPLs, a set of m ineralization
experimen ts was performed with 14C-labeled phenan threne
dissolved in HMN. Min imal estimates for partition ing rates
of the 14C-labeled compound were determ ined as 14CO2
appearing in the NaOH traps of biometer flasks. Three
differen t phenan threne-degrading bacteria were used, i.e.,
the hydrophobicMycobacterium sp . LB307T, the hydrophilic
Sphingom onas sp . LH128, and a strain capable of producing
rhamnolipid biosurfactan ts from phenanthrene (Pseudom o-
nas aeruginosa 19SJ). However, irrespective of the strain used,
the curves for phenan threne m ineralization were S-shaped,
exhibiting an in itial slow phase that lasted approximately
the first 150 h, followed by a rapid phase that ended with a
period of slower m ineralization (Figure 2A-C). The amoun t
of substrate m ineralized at the end of the experimental period
was approximately 60%. The maximum rate ofm ineralization
observed during the rapid phase was sim ilar for the three
strains (41.5 to 45.0 ng/ mL/ h) but sign ifican tly higher than
the partition ing rate measured in the absence of bacteria
(2.7 ng/ mL/ h).
To investigate the mechanism bywhich bacteria increased

the rate of partition ing, the m ineralization of phenan threne
by Sphingom onas sp . LH128 was measured in the presence
of Triton X-100. Despite the hydrophilic character of th is
strain , a sign ifican t fraction (28.94%) of the in itial bacterial
population showed, in separate adhesion assays, the potential
capacity to adhere to the NAPLphase. The other two bacteria
showed a somewhat higher capacity of adhesion to HMN
(39.00% for Pseudom onas aeruginosa 19SJ and 65.54% for
Mycobacterium sp . LB307T). In the presence of th is inhibitor
of cell adhesion , the m ineralization curve was totally differen t
from that observed without surfactan t (Figure 2D). The in itial
slow phase was shortened to a few hours, and the subsequent
maximum rate of m ineralization (18.0 ng/ mL/ h) was not
statistically differen t to the abiotic partition ing rate (18.6 ng/

FIGURE2. Mineralization of phenanthrene initially present in HMN by selected strains of PAH-degrading bacteria. (A) Mycobacterium
sp. LB307;(B)Pseudomonasaeruginosa19SJ;(C)Sphingomonassp. LH128;(D)Sphingomonassp. LH128with0.1%TritonX-100. Solidlines
representbiodegradationpredictedbymaximumabioticpartitioningratedeterminedinsingle-soluteexperiments(Figure1A).Thenumbers
denotemaximumrates (inng/mL/h) of predictedandexperimentallydeterminedbiodegradation. Error bars represent standarddeviations
of duplicate experiments.
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mL/ h).Mineralization then proceeded at progressively lower
rates, reaching a final amount of substrate m ineralized sim ilar
to that observed without Triton X-100.
The possible con tribution to the observed m ineralization

rates by partition ing-promoting agents presen t in the aque-
ous phase was also investigated.Amineralization-partitioning
experimen t was conducted with Sphingom onas sp . LH128,
in which bacteria were killed with formaldehyde at the
beginn ing of the phase of maximum mineralization . The
addition of the biocide, at a time poin t when approximately
10% of the compound had been recovered as 14CO2, resulted
in the immediate and complete inhibition of 14CO2 evolution
(Figure 3A). The aqueous concen tration of phenan threne, as
measured by HPLC, was at th is time below the detection
lim it (2 ng/ mL). The compound appeared in the aqueous
phase 10 hours later, as a result of partition ing from the
NAPL (Figure 3B). This confirm s the compatibility between
HPLC and 14C measuremen ts in the experimen tal system
used. Subsequen t sorption to suspended bacterial biomass
led, at equilibrium , to a small fraction of the compound

associated to cells (4.5 ( 0.7 ng/ mL). The measured rate of
effective partition ing (1.3 ng/ mL/ h) could not explain the
m ineralization rate detected in the absence of biocide (43.9
ng/ mL/ h). In addition , the Ceq value detected (28.3 ng/ mL)
was sign ifican tly lower than the Ceq determ ined in inde-
pendent, abiotic partitioning experiments with phenanthrene
at 1 mg/ mL NAPL (50.4 ng/ mL- Figure 1A). Sim ilar results
were obtained in m ineralization experiments with P. aerugi-
nosa 19SJ (Figure 3B), in which the levels of endogenously
produced rhamnolip ids, either in aqueous solu tion or in
suspended cells, remained below the detection lim it.

Discussion
The effect of the rhamnolip id biosurfactan ts above the CMC
observed in th is study indicates that m icellar solubilization
is the main mechan ism responsible for the enhancemen t of
partition ing of NAPL-dissolved PAH by biosurfactan ts. Our
results agree with other studies reporting the enhanced
solubility of pure solid (11, 29) and liquid (30) hydrocarbons
caused by rhamnolip id biosurfactan ts. In our study, bio-
surfactan ts were more efficien t in enhancing partition ing of
PAH from HMN than from DEHP, possibly due to their
different viscosity and the concomitant difference in diffusion
rates of the PAH inside these model NAPLs. The results also
show, in a multip le-solute system , that the enhanced
partition ing was more eviden t with more-hydrophobic PAH.
A sim ilar observation was made in a study on the effect of
the non ion ic surfactan t Triton X-100 on the solubilization of
binary and ternary aqueous m ixtures of solid naphthalene,
phenan threne, and pyrene (31). That study showed that th is
differen tial solubilization can be explained not on ly on the
basis of the individual preference of the more-hydrophobic
compounds to be incorporated in to the m icelle core; in
addition , the association of the less-hydrophobic PAH to the
in terface of the surfactan t-m icelle core and the bulk water
causes a reduction in the core-water in terfacial tension ,
improving the m icellar partition ing of more-hydrophobic
compounds.
Biosurfactan ts enhanced the effective partition ing from

NAPLs in the presence ofmodel subsurface solids. The effect
can be partially attributable to sorbed biosurfactants. At levels
below the CMC, they increased the affin ity of the solids for
aqueous PAH,whereas at levels above the CMC, the KD values
were lower due to competition between m icellar and sorbed
biosurfactan ts for PAH partition ing. A previous study (32)
has shown that sorption of rhamnolip ids to soil is an
in terfacial adsorption process, rather than a process of
partition ing in to soil organ ic matter. In the presen t study,
sorbed biosurfactan ts may have promoted, in turn , sorp tion
of PAH to the solids by modifying their surface hydropho-
bicity, because of the probable orientation of the hydrophobic
moieties of the first biosurfactan t layer adsorbed in to the
aqueous phase. Alternately, PAH may have partitioned in to
hem im icelles formed by sorbed biosurfactan ts. Both mech-
an isms have been previously reported to occur during
partition ing of naphthalene and phenan threne in to the
syn thetic surfactan ts SDS and Tween 80, sorbed to kaolin ite
(33).
Independen tly of the strain used, partition ing rates of

phenan threne from HMN in the presence of biodegradation
activity were higher than the rate measured in the absence
of bacteria. The relatively high final exten t of m ineralization
measured (60%) suggests the complete consumption of the
substrate from the NAPL (12), being the rest probably
converted in to biomass and biodegradation products dif-
feren t from CO2. These observations agree with previous
studies with NAPL-associated hydrocarbons, performed in
NAPL/ water system s designed to create bioavailability
restrictions to biodegradation (16-21). Our results further
indicate that, under the experimen tal conditions used,

FIGURE3. Effect of formaldehyde onphenanthrenemineralization
and subsequent partitioning of the compound initially present in
HMNat 1mg/mL. (A)MineralizationcurvewithSphingomonassp.
LH128 showing the point at which the biocide was added to the
aqueous phase. Open and filled symbols represent, respectively,
flaskswithandwithout formaldehydeaddition. (B)Concentrations
of phenanthrene appearing in the aqueous phase after killing
Sphingomonassp. LH128(2) orPseudomonasaeruginosa19SJ (O)
atthebeginningofthephaseofmaximummineralization.Forresults
withSphingomonassp. LH128, time zero in (B) relates in (A) to the
pointwhereformaldehydewasadded(indicatedbythearrow).The
dotted line represents abiotic partitioning of phenanthrene at 1
mg/mLNAPLas predicted by eq 3. Error bars represent standard
deviations of duplicate experiments.
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biosurfactan t production was not the mechan ism involved.
Instead, the enhancemen t could be attributed to bacteria
growing at the NAPL-water in terface. Only when an adhe-
sion -inhibiting agen t, Triton X-100, was added to the system
did biodegradation-driven partitioningmatch the abiotic rate.
Furthermore, the good agreemen t showed between those
two rates excludes any possible toxic effect of the surfactan t
on the degrading m icrobial population . The progressive
decrease in m ineralization rate observed in the presence of
the surfactan t can be probably due to depletion of phenan-
threne inside the NAPLphase or to the subsequen t difficulty
of the bacterium to m ineralize the compound that was
associated to surfactan t m icelles.
The occurrence of very sim ilar biodegradation rates by

bacteria differing in hydrophobicity, adhesion capacity, and,
possibly, specific growth rate at the NAPL/ water in terface
suggests that biodegradation was not lim ited by biological
factors. It is conceivable, however, that these physiological
traits may cause, in some circumstances, differences in
biodegradation rate. For example, recen t research has shown
that many soil bacteria able to perform growth-linked
biodegradation of PAH of three or more rings belong to the
genus Mycobacterium and seem to be specialized in the
degradation of these pollu tan ts by exhibiting strongly
adhesive properties and the capacity to form biofilm s on
solid PAH (23, 34). In addition , a relevan t role of cell adhesion
and in terfacial growth has also been shown for biodegrada-
tion of liquid hydrocarbons such as hexadecane (35). Adhered
cells may enhance the acquisition of their substrates, and
therefore the partition ing from the NAPL, by facilitated
transfer through cell-associated hydrophobic componen ts
or by increasing the concen tration gradien t near the NAPL-
water in terface (20). Our results extend those findings by
further showing that even the most hydrophilic strain
(Sphingom onas sp . LH128) was able to colon ize the NAPL-
water in terface and to drive partition ing to maximum values.
Diffusion of phenan threne inside the NAPLwas probably

the abiotic rate-lim iting process acting upon adhered
bacteria. The overall resistance to mass transfer of a chem ical
between two phases is commonly represen ted as the sum of
the individualmass transfer resistances in each phase, which
depend on the respective diffusion coefficien ts and length .
The aqueous phase resistance is usually considered the
lim iting step in the NAPL/ water partition ing of hydrophobic
compounds, such as PAHs. Nevertheless, for certain situa-
tions, for example with highly viscous or sem isolid NAPLs,
the organ ic phase resistance can become lim iting, after a
zone depleted of PAHs develops in the NAPL side (36, 37).
In our study, the fact that dissim ilar m icroorgan isms were
able to enhance the partition ing rate sign ifican tly to sim ilar
values is in agreemen t with a scenario in which , in abiotic
conditions, the aqueous phase was the lim iting step, whereas
during biodegradation , a lim itation was imposed on the NAPL
side. In the case of such lim itation , a PAH-depleted zone in
the NAPLwould have arisen during th is period of maximum
mineralization . In our study, the sign ifican t delay detected
in the appearance of phenan threne in the aqueous phase
after stopping biodegradation with a biocide suggests the
existence of th is depleted zone in the NAPL phase, caused
by active biodegradation . Such delay would also have been
observed if the biocide required a sim ilar period to be
effective, but the immediate inhibition of 14CO2 evolution
upon addition of the biocide makes this alternative improb-
able.
It is also possible that the aqueous resistance at the

in terface was modified by the presence of adhered m icrobial
cells and associated extracellu lar polymeric substances,
formed in the in itial stages of phenan threne biodegradation .
This, in addition to the existence of a PAH-depleted zone in
the NAPL, may have con tributed to the delays observed in

formaldehyde experimen ts. In fact, m icrobial biofilm s may
act as hydrophobic, alternative partition ing phases, by
decreasing the dissolution of naphthalene crystals in to the
bulk aqueous phase by up to 90% (38) and by sign ifican tly
sorbing benzene, toluene, and xylene from aqueous solutions
(39). Given the relevance, shown in th is study, of adhered
bacteria in the biodegradation of NAPL constituen ts, and
that biofilm s are probably presen t at NAPL-water in terfaces
exposed for some time to m icrobial populations from soils
and aquifers, the exact con tribution of in terfacial growth to
PAH partition ing and NAPL aging (40) should be the subject
of further investigation .
The data show that partition ing was increased by bio-

surfactan ts in solution at a concen tration above the CMC,
by biosurfactan ts sorbed to suspended hum ic acid-clay
colloids, and by active m icrobial populations degrading the
pollutant in situ. Our study suggests therefore that partition-
ing of PAH may be efficien tly enhanced by in situ treatmen ts
ofNAPLpollu tion involving the use of biosurfactan ts and/ or
biodegradation . The selection of appropriate PAH-degrading
strains, able to be transported efficien tly through the
subsurface and to reach and colon ize the NAPL/ water
surfaces, seems a reasonable step during the design of
bioaugmentation strategies for decon tam ination of soils and
aquifers polluted with PAH-contain ingNAPLs. The combined
effect of biosurfactan ts and m icrobial activity on PAH
degradation should be the subject of further investigation .
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