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Adsorption of a Multicomponent
Rhamnolipid Surfactant to Soil
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Nijenborgh 4, 9747 AG Groningen, The Netherlands,
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The adsorption of rhamnolipid, a multicomponent bio-
surfactant with potential application in soil remediation, to
two sandy soils was investigated using batch and

column studies. The surfactant mixture contained six
anionic components differing in lipid chain length and
number of rhamnose moieties. Batch adsorption experiments
indicated that the overall adsorption isotherms of total
surfactant and of the individual components leveled off
above a concentration at which micelles were formed. Column
experiments showed that the retardation factors for the
total surfactant and for the individual components decreased
with increasing influent concentration. Extended tailing
was observed in the distal portion of the surfactant
breakthrough curve. The concentration-dependent retardation
factors and the extended tailing are in accordance with
the nonlinear (concave) adsorption isotherms found in the
batch adsorption studies. The more hydrophobic rhamnolipid
components were preferentially adsorbed, but adsorption
was not correlated with the organic carbon content of
the soil. This suggests that adsorption of rhamnolipid to soil
is not a partitioning process but mainly an interfacial
adsorption process.

Introduction

The understanding of surfactant adsorption is of importance
for the application of surfactants for enhanced oil recovery
(1, 2) and for surfactant-enhanced soil remediation (3—6).
Adsorption of surfactants is detrimental for these applications
asitresultsinsurfactant loss and reduced surfactant mobility.
Furthermore, adsorption of surfactants may create new
adsorption sites for hydrophobic compounds (7). Many
commercially available surfactants such as linear alkylben-
zenesulfonates (8) and alcohol ethoxylates (9) consist of
multiple components. Natural surfactants also often are
mixtures (10—14). Multicomponent surfactants may change
in composition during adsorption and transport, which can
result in altered surface active properties (2). Insight into the
adsorption behavior of multicomponent surfactants thus is
needed for understanding surfactant transport and for
optimal design of surfactant mixtures (2, 4).

Rhamnolipid is a bacterial biosurfactant produced by
several Pseudomonas species as a mixture of o-L-rhamnopy-
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ranosyl-$-hydroxyalkanoyl-5-hydroxyalkanoate and 2-O-a.-
L-rhamnopyranosyl-a-L-rhamnopyranosyl-$-hydroxyalkanoyl-
p-hydroxyalkanoate species (13, 15, 16). These biosurfactants
resemble synthetic gemini surfactants because they contain
two covalently linked headgroups (a nonionic (di)rham-
nopyranosyl and an anionic carboxylate headgroup) and two
tails (17). Rhamnolipid has potential for application in foods
(18), use as pest-control agent (16, 19), as a source of
rhamnose (20), and for the remediation of soils contaminated
with sparingly soluble organic compounds and heavy metals
(5, 6, 15, 21). Favorable properties of rhamnolipid for
application in soil remediation include the relatively low
adsorption to soil and the solubilization characteristics, which
are similar to those of synthetic surfactants (5).

The factors that determine rhamnolipid adsorption to
soil have not been elucidated, and the occurrence of
preferential adsorption of specific components has not been
investigated. For application of rhamnolipid as well as of
other multicomponent surfactants in situations where ad-
sorption occurs, knowledge of the factors that determine
surfactant adsorption and of preferential adsorption of
individual components is indispensable. Therefore, we
investigated the adsorption of the surfactant mixture and of
the individual components to soil using batch adsorption
and column experiments. Two frequently used representative
sandy soils, the Borden material and Eustis soil, were selected
for this study (5, 22—24).

Materials and Methods

Soils and Solutions. The Borden material is a sandy subsoil
collected at the Canadian Air Force base in Borden, Ontario,
Canada (23). This material consisted primarily of sand (>99%)
and had an organic carbon content of 0.03%. Eustis soil is
a sandy surface soil from Florida, U.S.A. (22) that consisted
of95.1% sand, 2.2% silt; 2.7% clay, and 0.27% organic carbon.
Soils were air-dried and sieved (<2 mm) prior to use. In all
experiments, a background electrolyte solution was used
which contained 10 mM KNOg3, 10 mM Tris-HCI, pH 7.0, and
3 mM NaN; (to suppress microbial activity) in MilliQ water.

Rhamnolipid. Rhamnolipid was produced by Pseudomo-
nas aeruginosa UG2 (15) and isolated by consecutive steps
of acid precipitation and dissolution in aqueous NaHCO;
solution (21). Acid-precipitated rhamnolipid was purified by
column chromatography over Sephadex LH20 with methanol
as the eluent. Fractions were analyzed for rhamnolipid
contentand purity by TLC. Pooled fractions were evaporated
to dryness and dissolved in water. The pH was adjusted to
7.0 using NaHCO3. The rhamnolipid concentration in this
stock solution was determined using the 6-deoxyhexose assay
with L-rhamnose as a standard (25). For this mixture, an
average molecular weight of 588 and a rhamnose content of
0.45 (w/w) were calculated using the composition of the
mixture as determined with HPLC. About 1.4 g of purified
rhamnolipid was isolated per liter of culture medium. This
multicomponent surfactant mixture was used in all experi-
ments.

Batch Adsorption Experiments. Adsorption of rhamno-
lipid to soil was measured in a 1:2 (w/v) soil:solution ratio
in 8 mL Pyrex tubes that were closed with aluminum coated
septa. After 2—7 days of end-over-end rotation (1.4 rpm, room
temperature), the incubation vessels were centrifuged at 3000
rpm for 20 min, and subsequently the clear supernatant was
analyzed for the concentration of total aqueous surfactant
(C, uM) by surface tension measurements or, in a separate
experiment, for the individual C20 components (C, uM) by
HPLC. The adsorbed concentration of total surfactant or
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TABLE 1. Properties of the Rhamnolipid Produced by P. aeruginosa UG2

total surfactant C18RL2
molecular weight 5882 622
mole fraction in mixture 0.06
HPLC retention time (min) 3.5
MS major ions (M + TFA?L — 1) 735
MS major ions (M — 1) 621

C18RL1 C20RL2 C22:1RL2 C20RL1 C22RL2
476 650 776 504 678
0.11 0.49 0.02 0.28 0.03
6 7 9 12 14
589 763 789 617 791
649

2 Average molecular weight. ? Trifluoroacetic acid, a component of the eluens (molecular weight = 114).

individual components (S, umol/kg) was determined from
the difference in the rhamnolipid concentration in the
aqueous phase before and after adsorption. To determine
the mass balances, the amount of adsorbed rhamnolipid
was measured after removal of the aqueous phase by
extracting several soil pellets three times with methanol.
These mass balance checks revealed a total rhamnolipid
recovery of 92—124%. Five initial concentrations (85—1275
uM), in triplicate, were used to determine the isotherms of
total surfactant. Nineteen initial concentrations (2—2000 ¢M)
were used to determine the isotherms for the individual Cx
components.

One batch adsorption experiment was performed on a
larger scale by contacting 37.5 g of Borden soil and 75 mL
of 700 uM rhamnolipid solution. After equilibration for 24 h,
the aqueous phase was removed, analyzed by HPLC, and
concentrated by lyophilization. The cmc of this concentrated
mixture was determined using surface tension measure-
ments. All adsorption experiments were performed at 22 +
2 °C.

Column Experiments. The experimental setup for the
column studies was described previously by Noordman et
al. (5). A stainless steel column of 7.0 cm length and 2.2 cm
i.d. was used. The bulk density (p) and porosity (6) were
determined gravimetrically. Flow rates and pore water
velocities used were 0.4 mL/min and 20 cm/h, respectively,
for Borden material and 2 mL/min and 90 cm/h, respectively,
for Eustis soil, unless specified otherwise. The experiments
were performed at 22 + 2 °C. Breakthrough of the conservative
tracer pentafluorobenzoic acid was analyzed using a flow-
through variable wavelength detector at 250 nm. For the
experiments with rhamnolipid, the column effluent was
directed to a fraction collector and analyzed for rhamnolipid
using surface tension measurements or, in independent
experiments, by HPLC. After the effluent concentration
reached the concentration in the influent (Co, 34 or 850 uM
total rhamnolipid), elution was continued with a rhamno-
lipid-free solution. The experiments were continued until
the effluent contained extremely low (surface tension > 69
mN/m) or no detectable amount of rhamnolipid.

The Peclet number for each column was determined by
analysis of the breakthrough curve of the conservative tracer
with alocal equilibrium advective-dispersive transport model
using nonlinear least squares optimization (26). The retarda-
tion factors (R) for total surfactant and for the components
were determined from the area above the frontal limb of the
breakthrough curves. Moment analysis revealed a total
recovery of rhamnolipid of 96—116%.

Analytical Procedures. The surface tension of aqueous
rhamnolipid solutions was measured using a du Nouy ring
tensiometer (Fischer Scientific, model 21, Pittsburgh, PA).
Surfactant concentrations were determined quantitatively
by surface tension measurements after dilution to concen-
trations where the surface tension was linearly correlated
with the logarithm of the aqueous concentration (1—20 uM
total rhamnolipid, experimental error 5%). The surface
tension analyses were calibrated with dilutions of the
rhamnolipid stock solution. The surface tension of the
electrolyte solution was higher than 70 mN/m.

C20RL2 ud‘fwTZ\/W
HO o °

‘o
3 C18RL2 C20RL1
c ; :
§_ C18RL1 C22:1RL2 C22RL2
0 : .
—_—
1 ! ] 1
0 5 10 15
time (minutes)
FIGURE 1. HPLC-ELSD chromatogram of rhamnolipid from P.

aeruginosaUG2. Abbreviations denote components. The inset shows
the structure of the main component (C20RL2).

Individual rhamnolipid components were analyzed by
HPLC using a Merck AS 4000 autosampler, a Merck L-6200
pump, and a Chromsphere PAH 100 mm column (Chrom-
pack, Bergen op Zoom, The Netherlands). Detection was done
using an evaporative light scattering detector (ELSD, MARK
111, Varex, Burtonsville, U.S.A.) (9, 14, 27, 28). Two sets of
conditions were used. For the standard conditions, the mobile
phase contained 55% acetonitrile, 45% water, and 0.03%
trifluoroacetic acid (isocratic); the flow rate was 0.5 mL/min;
the injection volume was 150 ul; the ELSD drift tube
temperature was 100 °C; and the nebulizer flowwas 1.5 L/min.
For the analysis of samples with low rhamnolipid concen-
trations, the mobile phase contained 35% water, 45%
acetonitrile, 20% methanol, and 0.03% trifluoroacetic acid
(isocratic); the flow rate was 0.5 mL/min; the injection volume
was 500 uL; the ELSD drift tube temperature was 80 °C; and
the nebulizer flow was 1.0 L/min. Because pure components
were not available, the mass fractions of the individual
rhamnolipid species in the stock solution were determined
from their respective relative peak areas at a total rhamnolipid
concentration of 850 uM assuming that the ELSD response
is directly related to the mass of compounds applied (28).
The mass fractions thus obtained allowed calculation of the
mole fractions of the components in the mixture, the
rhamnose content, and the average molecular weight (Table
1). For several experiments (Figures 6 and 7), the total
rhamnolipid concentration was calculated from the con-
centration of the individual components.

The lipid components of rhamnolipid where analyzed by
GC-MS after hydrolysis and methylation of the total surfactant
mixture (29). For the HPLC-MS analysis of the rhamnolipid
produced by strain UG2, 50 nmol (50 uL of an aqueous
solution containing 1 mM purified rhamnolipid) was sepa-
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FIGURE 3. Adsorption isotherms of rhamnolipid on Eustis soil. Details
are described in the legend of Figure 2.

rated by HPLC as described above. The HPLC eluate was
directly introduced into a Nermag R 3010 triple quadrupole
mass spectrometer operated in negative ion mode using an
ionization potential of 3.5 kV and a nozzle potential of 70 V.

Results and Discussion

Analysis and Composition of Rhamnolipid. The rhamnolipid
produced by Pseudomonas aeruginosa strain UG2 was
analyzed by mass spectrometry to determine the composition
of the mixture. GC-MS analysis of the methylated fatty acids
of total rhamnolipid showed mass spectra corresponding to
the methyl esters of -hydroxydecanoic acid and -hydroxy-
dodecanoic acid. An HPLC-ELSD chromatogram of the
surfactant showed six rhamnolipid components: C18RL2,
C18RL1, C20RL2, C20RL1, C22:1RL2, and C22RL2 (Figure 1).
The abbreviation Cx(:y)RLn designates the individual com-
ponent with x as the total number of carbon atoms in the
lipid moieties, y as the number of unsaturated bonds in the
lipid moieties, and n as the number of rhamnose groups.
These components were identified by HPLC-MS (Table 1).
The small peak that eluted between C20RL2 and C22:1RL2
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FIGURE 4. Preferential adsorption of rhamnolipid in the batch
adsorption experiment with Borden material (A) and Eustis soil (B).
The composition of the aqueous phase, expressed as the ratio of
C20RL1 over total aqueous C20 compounds, is plotted against the
aqueous concentration of C20 compounds.
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FIGURE5. Determination of the cmc of the initial rhamnolipid mixture
(@, dotted lines) and of the postadsorption mixture (O, dashed lines,
details described in text) from the relation between the surface
tension of the surfactant mixture and the aqueous concentration.
The arrows indicate the cmc for the initial surfactant mixture (a)
and for the postadsorption mixture (b) as calculated from the
intercept of the regression lines of the supra- and sub-cmc data.

showed a large signal at a m/z of 777, which is the expected
value for C21RL2. However, since a Cl1-lipid was not
observed with GC-MS and the presence of odd-numbered
lipids in rhamnolipid has never been reported, identification
of this component as C21RL2 would need further investiga-
tion. The main component C20RL2 constituted almost 50
mol % of the mixture. The combined HPLC-MS and GC-MS
analysis indicated that rhamnolipid produced by strain UG2
was a mixture of monorhamnolipids and dirhamnolipids,
mainly containing s-hydroxydecanoic acid moieties, butalso
p-hydroxy-octanoic, -dodecenoic, and -dodecanoic acid
moieties. This has also been found for other strains (13, 27).

HPLC-ELSD was used to determine the concentration of
the rhamnolipid components in subsequent experiments.
When the standard set of experimental conditions was used,
the concentrations of individual rhamnolipids could be
determined in the range of 8—1700 M with high accuracy
(experimental error 3%). For lower concentrations, the use
of adifferent eluent allowed operation of the ELSD at a lower
nebulizer flow rate and drift tube temperature. This, together
with a larger injection volume, increased the sensitivity of
the analysis and allowed determination of individual com-
ponents down to 1 uM with a maximal experimental error
of 10% at the lowest concentration. The ELSD response was
linear with the rhamnolipid concentration in the range of
concentrations used. The HPLC-ELSD method provided a
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FIGURE 7. Breakthrough curve of rhamnolipid through Eustis soil.
Details are described in the legend of Figure 6.

sensitive and accurate method to determine the aqueous
concentrations of individual rhamnolipid components with-
out need for prior derivatization.

Batch Adsorption Experiments. Adsorption isotherms
were determined for the total surfactant and for the individual
components using batch incubations with the Borden and
Eustis soils (Figures 2 and 3). The isotherms were composed
of three regions. Up to 40 uM C20 components (region I), the
isotherms were a concave function of concentration. Espe-
cially for the Borden material, the adsorbed concentration
of C20RL1 and C20RL2 in the first part of this region was
rather high, indicating strong interactions between rham-
nolipid and adsorption sites (Figure 2b). Subsequently, in
region Il, the adsorbed concentrations showed a more
pronounced increase with increasing aqueous concentration,
indicative of secondary interactions between adsorbed
surfactants. The isotherms reached a plateau value at
concentrations of approximately 300 M C20 components
(region 111). Region I and Il could not as well be distinguished
with the Eustis soil as with the Borden material.

The composition of the surfactant remaining in solution
changed due to preferential adsorption of the hydrophobic

components. For instance, the mole fractions of C18RL2,
C18RL1, C20RL2, C20RL1, C22:1RL2, and C22RL2 in the
mixture that remained in solution after adsorption to Borden
soil at an aqueous surfactant concentration of 404 uM were
0.13, 0.11, 0.62, 0.13, 0.01, and 0.01, respectively. From a
comparison with the values for the initial mixture (Table 1),
it is apparent that the aqueous phase was enriched with the
hydrophilic C18 components and depleted of the relatively
hydrophobic components C20RL1, C22:1RL2, and C22RL2.

The concentration-dependence of the preferential ad-
sorption of the hydrophobic components was examined by
plotting the ratio of aqueous C20RL1 over total aqueous C20
components as afunction of the total aqueous concentration
of C20 components (Figure 4). A decrease in this ratio
indicates preferential adsorption of the hydrophobic com-
ponent C20RL1. For the Borden material, the ratio was
scattered around the initial value when the concentrations
of C20 components were below 40 uM, indicating that
preferential adsorption was not detected in region | (Figure
4A). In region 11, this ratio was lower (e.g. 0.24 at 150 uM,
Figure 4A) than with the initial mixture (0.34, Table 1). In the
third adsorption region, the ratio of aqueous C20RL1 over
total aqueous C20 components increased with increasing
aqueous surfactant concentration and finally approached
the initial value. This is due to accumulation in the aqueous
phase of all surfactant that is added after the plateau is
reached. For the Eustis soil, the ratio was lower than the
initial value for virtually all concentrations (Figure 4B). These
results show that the composition of the surfactant in the
aqueous phase was influenced by preferential adsorption of
the more hydrophobic components.

To determine if the onset of micellization was the cause
of surfactant adsorption reaching a plateau, the cmc was
determined for a rhamnolipid mixture that remained in
solution after adsorption to Borden soil. After adsorption,
the aqueous rhamnolipid concentration was 404 uM total
surfactant (303 M C20 components), which was close to the
concentration where the adsorption plateau formed (200 uM
C20 components, Figure 2B). The cmc of this postadsorption
mixture was 310 + 21 uM (232 uM C20 components) (Figure
5). This indicates that micelles started to form at the
concentration where the adsorption plateau was reached
and suggests that the occurrence of the plateau was indeed
caused by formation of micelles.

The cmc of the postadsorption mixture was significantly
higher than the cmc of the initial surfactant mixture, which
was 148 + 15 uM (114 uM C20 components) (Figure 5). The
difference in cmc was presumably caused by the removal of
the more hydrophobic components from the mixture by
preferential adsorption. The dependence of the cmc of
rhamnolipid mixtures on their composition is confirmed by
the observation that the cmc of a separately produced
rhamnolipid batch with lower amounts of C18 components
and higher amounts of C22 components was reduced to 77
+ 6 uM (mole fractions for C18RL2, C18RL1, C20RL2, C20RL1,
C22:1RL2, and C22RL2 were 0.04, 0.06, 0.57, 0.19, 0.08, and
0.05, respectively).

Column Studies. The adsorption of the multicomponent
surfactant to Eustis soil and Borden aquifer material was
also studied under continuous flow conditions using column
experiments. The hydrodynamic properties of the columns
were determined with pentafluorobenzoic acid as a con-
servative tracer. The breakthrough curves of this tracer were
sigmoidal in shape and showed no tailing. Peclet numbers
for the conservative tracer were greater than 100 for all
columns. This indicates that physical nonequilibrium effects
were absent and that the columns were packed homoge-
neously.

Breakthrough curves of total surfactant and of the
individual components were determined for both soils using
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FIGURE 8. Effluent concentration of rhamnolipid during a flow-
interrupted column experiment. (A) Distal limb of the breakthrough
curve of total rhamnolipid in Borden soil. (B) Frontal limb of the
breakthrough curve of C20RL2 in Eustis soil (a). The arrow indicates
the time when the flow was interrupted for 8 h (A) or 1 h (B).

an influent concentration of 850 and 34 uM total surfactant
(Figures 6 and 7). These concentrations were above and below
the cmc of the surfactant, respectively. Breakthrough curves
of total rhamnolipid were determined with surface tension
measurements. In independent experiments, the break-
through curves of the individual components were deter-
mined with HPLC-ELSD. The breakthrough curves of total
surfactant were also calculated from the sum of the aqueous
concentrations of the four major components in each effluent
sample. These breakthrough curves matched the curves as
obtained from surface tension measurements, indicating that
the techniques were complementary. The retardation factors
for the rhamnolipid components in Eustis soil were inde-
pendent of the pore-water velocity for the velocities tested
(15—100 cm/h).

To determine whether transport of rhamnolipid in soil
columns was influenced by rate-limited adsorption, the flow
was interrupted during breakthrough or during elution of
rhamnolipid for a period ranging from 1 to 16 h (two examples
shown in Figure 8). If nonequilibrium effects exist, a change
in effluent concentration would be observed after interrup-
tion and subsequent recommencement of the flow (24). It
was observed that changes in effluent concentration were
absent for all components, at both influent concentrations
and for both soils, indicating that transport of rhamnolipid
was not affected by rate-limited adsorption.

The breakthrough curves of the individual rhamnolipids
and of total rhamnolipid at both influent concentrations were
characterized by a steep front and extended tailing in the
distal part for both soils. A fast decrease in effluent con-
centration after elution with arhamnolipid-free solution was
observed especially at the supra-micellar influent concentra-
tion. For instance, the total surfactant concentration in the
column effluent in experiments with an influent concentra-
tion of 850 uM became lower than 2 uM only after 200 or 70
pore volumes after rhamnolipid was no longer applied to
the columns packed with Borden or Eustis soil, respectively.
This extreme tailing could not be determined for the
individual components because concentrations fell below
the detection limit. Retardation factors for total surfactant
and for all components were higher at Co, = 34 uM than at
850 uM (Table 2). The transport behavior of rhamnolipid can
be explained by the nonlinear (concave) adsorption isotherms
of total rhamnolipid and of the individual components in
the concentration range of the experiment.

Retardation factors for the C20 monorhamnolipid were
higher than for the C20 dirhamnolipid for both soils and at
both influent concentrations (Table 2). The retardation factors
were also higher for the C20 components than for the C18
components (Table 2). These differences show that the
components adsorbed to a different extent. This effect was
most pronounced at the lowest value of Co. As a result of
differences in retardation between the components, the
composition of the aqueous phase in the column effluent
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TABLE 2. Retardation Factors for Total Surfactant and for
Individual Components

retardation factor?

total
soil Co (M) surfactant C18RL2 CI18RL1 C20RL2 C20RL1

Borden 850 3.4 2.0 2.2 2.6 3.8
34 7.0 4,7b 4,2b 6.3 8.0

Eustis 850 1.2 1.3 1.5 1.4 1.5
34 ND¢ 4.0p 4.0b 10 17

Bonify 850 1.3

Vinton 850 1.99

2 Determined from the area above the frontal limb of the breakthrough
curve, unless mentioned otherwise. ? From breakthrough time. ¢ Not
determined. 9 From ref 5.

changed during breakthrough of the multicomponent sur-
factant.

Comparison of Surfactant Adsorption in Batch and
Column Studies. The adsorbed concentration of the com-
ponents in the column studies at full breakthrough was
calculated from the retardation factors, using the formula S;
= 6/p(R—1)miCo, where S; is the adsorbed concentration of
componentiand m;is its mole fraction in the initial mixture.
This concentration was compared to the adsorbed concen-
tration that was observed at the same aqueous concentration
of m;Co of the same component during the batch experiments.
Atthe supramicellar Co of 850 M, the adsorbed concentration
for all components was a factor 2 and 5 lower under
continuous flow conditions than in the batch studies for
Borden and Eustis, respectively. At Co = 34 uM, the difference
was a factor 1—1.6 for all the components in both soils. The
adsorbed surfactant concentration at a certain aqueous
concentration may differ between column studies and batch
experiments because adsorption of individual components
in surfactants mixtures depends on the composition of the
aqueous phase (30). The composition of the mobile phase
at full breakthrough in column studies is different from the
final composition in batch adsorption studies. The lower
degree of surfactant adsorption in column experiments may
also be attributed to the presence of shear stress during
continuous flow conditions (1). Shear stress might counteract
formation of surface aggregates and thereby reduce adsorp-
tion. This could be the reason for the larger difference between
adsorption in batch and column experiments at higher Co,
since surface aggregates will be present mainly at the higher
Co.

Isotherm Shape. The observed isotherms of rhamnolipid
adsorption to soil were composed of three regions: region
I where sorption is determined by interactions between
individual surfactants and soil, region Il with a more
pronounced increase of adsorbed concentration at increasing
aqueous concentration due to secondary interactions be-
tween adsorbed surfactants, and an adsorption plateau. The
results indicate that the formation of this adsorption plateau
was caused by the onset of micellization. This implies that
surfactant adsorption was determined by the concentration
and composition of the monomeric surfactant (2, 30). The
observed isotherm regions correspond to the regions I, 11,
and |1l described by Somasundaran and Krishnakumar (31)
for adsorption of nonionic surfactants. The absence of an
intermediate region between region Il and IIl with a lower
isotherm slope compared to region Il (31) might indicate
thatelectrostatic repulsion between the carboxylate moieties
of rhamnolipid was low.

Surfactant Composition and cmc. The cmc of the
postadsorption surfactant mixture was higher than the cmc
of the initial mixture, which may be explained by preferential
adsorption of hydrophobic components and enrichment of



the less hydrophobic components in the aqueous phase. The
cmc of surfactant mixtures usually is determined by the
individual cmc values of the components, by their mole
fractions, and by their activity coefficients (32). Since the
cmc of a surface active compound generally increases with
decreasing hydrophobicity (33, 34), the critical micelle
concentration of a surfactant mixture increases when the
mixture is enriched in hydrophilic components.

Nature of the Adsorption Process. Adsorption of rham-
nolipid to soils in region Il and Il was not primarily
determined by the soil organic carbon content. For example,
the amount of rhamnolipid adsorbed at the plateau region
in the batch experiments was not dependent on the organic
carbon content of the soils since the amount of surfactant
adsorbed per amount of organic carbon differed 10-fold for
Borden and Eustis soil, with values of 2.2 and 0.20 mg
surfactant/mg organic matter, respectively. Similarly, the
retardation factors for total rhamnolipid at Co = 850 uM for
the Borden material and Eustis soil (this study) and for Bonify
and Vinton soil (5) were not correlated with the organic
carbon content of these four soils (Table 2). Bonify and Vinton
soil are sandy soils with an organic carbon content of 0.36%
and 0.09%, respectively. The anionic character of the rham-
nolipid surfactants might counteract partitioning into the
negatively charged humic matter. Adsorption of an alcohol
ethoxylate and alkylbenzene sulfonates to sediments was
also not correlated to the soil organic carbon content (35,
36). In contrast, sorption of hydrophobic organic compounds
to soil is often determined by the soil organic matter content
and is therefore assumed to be a partitioning process instead
of an adsorption process (37). Sorption of phenanthrene to
the four soils mentioned here was indeed correlated to the
soil organic matter content (5). These results imply that
adsorption of rhamnolipid was an adsorption process
occurring at the soil—water interface and not a partitioning
process into soil organic matter. Primary interactions between
the first adsorbed surfactant layer and soil might result from
ion exchange reactions involving the anionic carboxylate
moiety of the surfactant, surface complexation, or hydrogen
bonding interactions involving the rhamnose headgroups
(31).

Both in the batch and column studies, the adsorptivity of
the components (defined as the percentage that was ad-
sorbed) corresponded to the relative retention times of the
(protonated) components in the isocratic reversed-phase
HPLC system in the order of C18RL2 < C18RL1 < C20RL2
< C20RL1 (Figure 1, Table 1). The increase of adsorptivity of
the components with increasing hydrophobicity suggests that
adsorption of rhamnolipid components was driven by
hydrophobic interactions. However, the lower mole fraction
of C20RL1 than for C20RL2 in the initial mixture may also
cause adsorption of C20RL1 to be relatively larger than for
C20RL2 since the overall shapes of the isotherms were
concave. A correlation between the degree of (preferential)
adsorption of nonionic and anionic surfactant components
and their hydrophobicity has also been observed for adsorp-
tion to soil (9) and to sediment (35, 36). Furthermore,
hydrophobic interactions determined the concentration
where region |l started for isotherms adsorption nonionic
surfactants on silica (31, 34, 38). Thermodynamic analysis of
surfactant adsorption also indicates that hydrophobic in-
teractions play an important role during adsorption of
surfactants (34, 39, 40). The positive correlation of the
adsorptivity of the rhamnolipid components with their
hydrophobicity, and the absence of a positive correlation
between the degree of adsorption and the soil organic matter
content, suggests that adsorption of rhamnolipid to soil in
regions Il and Il involved the formation of surface aggregates,
such as hemimicelles oradmicelles. These types of aggregates
have been observed with AFM for adsorption of other

surfactants containing two headgroups and two tails (gemini
surfactants) (17).

The results from this study indicate that rhamnolipid
adsorption to soil is an interfacial adsorption process which
is driven by hydrophobic interactions between the rham-
nolipid components. The adsorption of total surfactant and
of the individual components increased with increasing total
aqueous surfactant concentration up to a level where micelles
started to form. Due to preferential adsorption, the com-
position of surfactant mixture remaining in the agqueous
phase changed, both in the batch and column experiments.
The changes in composition of the multicomponent sur-
factant due to adsorption affected the cmc of the surfactant
mixture, and potentially also the solubilizing or emulsifying
properties. To avoid the occurrence of changes of composi-
tion during application of mixed surfactants for enhanced
oil recovery or soil remediation, high surfactant concentra-
tions (>cmc) should preferably be used. Due to the overall
concave shape of the adsorption isotherms, both relative
surfactant losses and changes in composition will then be
minimal.
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