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Abstract: The potential of monorhamnolipid (monoRL) biosurfactant to enhance the removal of
residual dodecane from a porous medium was investigated under monoRL concentration varying
from sub-CMC to hyper-CMC conditions by one-dimension column experiments. In the immis-
cible displacement experiment, 76% of the total volume of dodecane is removed by flushing of
150 µM monoRL solution. The solubilization of dodecane could be enhanced by rhamnolipid even
at monorhamnolipid concentrations as low as 50 µM/L. The higher solubilization concentration
(500 µM/L) of monoRL solution results in higher solubilized dodecane concentration (160 µM/L)
due to the larger quantity of micelle formation. Compared to solubilization, immiscible displacement,
or mobilization, is far more effective in removing residual dodecane. The interfacial partitioning tracer
tests (IPTT) method is applied to measure the variation in specific dodecane-water interface areas
(Anw). The results showed that the flushing of monoRL increased the Anw from 2.04 to 3.54 cm2/cm3.
This investigation implies that low-concentration monorhamnolipid flushing and subsequent micelle
solubilization is an economic method to remediate NAPL-contaminated fields.

Keywords: surfactant; solubilization; NAPL; remediation

1. Introduction

Hydrophobic organic compounds (HOCs) are widespread contaminants frequently
released in the shape of non-aqueous phase liquids (NAPLs). Generally, these pollutants
are poorly soluble in water, while they often occur in concentrations exceeding regulatory
values in groundwater. In addition, although contaminated areas are small initially, they
may cause long-term threats to the public and environment because of pollutant dispersion
by ground water flow. With regard to public health and safety, it is necessary and crucial to
remediate these contaminated sites. Several technologies have been developed or modified
to treat source areas, including surfactant flushing [1–3], chemical oxidation [4–6], in situ
thermal treatment [7] and onsite bioremediation [8,9].

Although complete remediation of some NAPL sources is possible, it is more common
that NAPLs cannot be completely recovered from contaminated aquifers [10]. The low
solubility in aqueous and high interfacial tension between water and organic pollutants
require the application of technologies, such as onsite bioremediation, pump, and treatment.
For example, NAPLs may be retained in the form of trapped drops because of capillary
forces. NAPLs trapped in a porous medium in the shape of residual saturation may occupy
about 5 to 40 percent of pore volume [11]. Surfactants, as amphiphilic substances, are often
used for enhancing the mobilization of residual NAPLs by reducing the interfacial tension
and increasing the solubility of organic by micelle solubilization [12–16]. Numerous studies
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have been conducted to measure the application of surfactants in the NAPLs remediation
field [5,17–22]. For instance, Wu et al.’s investigation showed the flushing of 4% Tween 80
solution strongly influenced the distribution of PCE droplets in a two-dimensional sandbox
experiment [23]. Jacome and Van Geel found the average removal of entrapped NAPL is as
high as 45% under sodium dodecyl benzene sulfonate (SDBS) solution flooding in column
tests [24]. Furthermore, Martel et al. reported that more than 89% of residual DNAPL
was recovered under 0.8 pore volume of surfactant-alcohol solution flooding [10]. Pennell
et al. studied the surfactant-enhanced solubilization of residual dodecane in soil columns
by flushing with 43 g/L anionic surfactant (polyoxyethylene (20) sorbitan monooleate)
solution, and the results indicated that the flushing increased the concentration of dodecane
by five orders of magnitude [25]. Taylor et al. investigated the effect of 4% Tween 80 solution
flushing on the recovery of tetrachloroethylene (PCE) from a porous medium. They found
that the concentration of PCE in the effluent was improved as high as 6000 mg/L in both
column and 2-D box experiments [18]. In addition, field-scale application of surfactant
flushing has been conducted at sites contaminated with petroleum hydrocarbons and
chlorinated solvents [26]. However, previous investigations are mostly conducted at very
high surfactant concentrations. The application of high-concentration surfactant in practical
NAPL remediation may cause concerns: (1) higher concentrations of surfactant increase
costs and are not beneficial because of colloid migration and macroemulsion formation [27];
(2) lots of surfactants are introduced into an underground aquifer, which is probably causing
secondary contamination.

Our recent studies showed the biosurfactant rhamnolipid exhibited excellent alkane-
solubilization activity under sub-CMC concentration based upon aggregate-formation
mechanism [28]. In addition, it showed that the mole solubilization ratio of rhamnolipid
under sub-CMC is higher than at above CMC. Furthermore, rhamnolipid has low CMC
(75.1 mg/L in PBS solution), making it a suitable substance for reducing interface tension
at relatively low concentrations. At the same time, as a biosurfactant, rhamnolipid is
environmentally friendly. Therefore, it may provide an alternative economic method using
sub-CMC concentration enhanced displacement and solubilization of NAPLs to avoid
the disadvantages of the conventional solubilization approach using surfactants under
high concentrations. The prior studies, however, on the application of rhamnolipid in
surfactant-enhanced aquifer remediation at the condition of flowing cells are few [29].

Understanding and predicting the behavior of NAPLs at contaminated sites is of
fundamental interest in site remediation. To understand the retention and remediation
of NAPL in saturated sites, two important characteristics should be paid much more
attention: the saturation of NAPL (volume of NAPL per unit volume of pore space) and
area of NAPL-water interface per unit volume of a porous medium [10]. It has long
been recognized that the fluid–fluid interface plays an important role in contaminant and
multiphase flow phenomena [30,31]. The interfacial partitioning tracer test (IPTT) method
introduced by Saripalli et al. [32,33] is applied to measure the NAPL-water interfacial
areas by column experiments and it has been applied successfully for a large quantity of
applications [34–36]. The IPTT method makes it possible to indirectly measure the fluid-
fluid interfacial area in the porous medium system [32,37]. For example, Brusseau and
Taghap measured the tetrachloroethene-water interfacial areas under a series of saturations
and their results showed tetrachloroethene-water interfacial areas rising with the decrease
in water saturation [38]. In previous studies, however, researchers usually focused on either
the solubilization of HOCs or the mobilization of NAPL under the flushing of surfactants.
The knowledge of overall variation in mobilization, solubilization, and the phase-specific
interfacial area of NAPL in a system is limited.

The objective of this investigation is to give insight into the influence of monorhamno-
lipid (monoRL) flushing at a relatively low concentration on the mobilization and solubi-
lization of residual dodecane by column experiments. MonoRL and dodecane are selected
as the representative biosurfactant and hydrophobic organic compounds, respectively.
Interfacial tensions are measured to characterize surface activity. Miscible displacement
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and solubilization experiments are conducted through one-dimensional (1-D) column
experiments under different monoRL concentrations. The effect of monoRL flushing on
the variation in dodecane phase-specific interfacial area is measured by the interfacial
partitioning tracer test method.

2. Materials and Methods
2.1. Materials

The monoRL (purity > 98%) used in this study is produced by Zijin Biological Technol-
ogy Co., Ltd. (Zhejiang, China). n-Dodecane (purity ≥ 99%), SDBS, and perfluorobenzoic
acid (PFBA) were produced by Sigma-Aldrich. All other chemicals were of analytical grade
and used as received. All the monoRL solutions were prepared with phosphate-buffer solu-
tion (PBS, pH 6.8 (K2HPO4•3H2O 1.35 g/L, KH2PO4 1.24 g/L)) as the background solution.
The CMC of monoRL in PBS is 157 µM. The hydrophilic glass beads (d = 0.2∼0.4 mm) were
utilized and prepared based on the method described by Zhong et al. [39].

2.2. Experimental Setup and Procedures

The column (2.0 cm in inner diameter, 15.6 cm in length) used in this experiment
is made up of glass with connectors made up of stainless steel. It was dry-packed in
incremental steps with hydrophilic glass beads and weighed before the column was satu-
rated with water. After the packing process, the column was flushed with carbon dioxide
(CO2) through the column for 10 min to displace air so as to minimize gas entrapment
during the subsequent water imbibition phase. It was then saturated with PBS solution,
and injected with a rate of 0.29 mL/min into the column in upward flow using a pump.
The PBS-saturated column was also weighed and the pore volume (PV) was calculated
based on mass balance. Dodecane was then introduced into the column. The dodecane was
continuously injected into the column downward until no more water was displaced from
the column. To establish a residual saturation of dodecane in the column, PBS was injected at
the bottom under flow of 0.29 mL/min and dodecane was displaced from the top end of the
column. PBS flooding was ended after no more dodecane displacement in the form of a liquid
drop. The residual volume of dodecane in the column was determined gravimetrically.

The IPTT test was conducted to measure the dodecane liquid/water interfacial areas.
PFBA (150 mg/L) was used as the nonreactive tracer and low-concentration SDBS (10 mg/L)
was chosen as the interfacial partitioning tracer. The PFBA and SDBS were measured
sequentially. For tracer tests, a PFBA or SDBS solution was introduced into the column and
the solution was collected at the outlet.

The investigation of the influence of monoRL solution flushing on mobilization and
solubilization of residual saturation dodecane was conducted by flushing the column with
monoRL solutions. The monoRL flushing experiments were conducted at three surfactant
concentrations (50 µM, 150 µM, and 500 µM). In order to measure the possible mobilization
of dodecane fluid caused by the interfacial tension reduction because of the introduction of
monoRL, the column was flushed with surfactant solution firstly for 3 PV for each flushing
experiment under a certain monoRL concentration. After the 3 PV monoRL solution
flushing, the column was flushed by PBS for at least 12 h and weighed. A new residual
saturation is acquired after the first 3 PV monoRL flushing. Then, the ability of monoRL
to enhance the solubilization of residual dodecane at the very concentration is measured
through the subsequent flushing experiment. The monoRL solution was used to flush
the column for about 7 PV and then flush the column with PBS. Samples of effluent were
collected with glass tubes. These samples were weighed and measured for concentrations
of dodecane and monoRL. In addition, the zeta potential and dynamic light scattering
(DLS) size of particles of samples collected at 4~8 PV were measured.

2.3. Analytical Methods

The PFBA concentration of collected effluent at the column outlet was measured
using a UV-spectrophotometer at wavelength 260 nm. The SDBS concentration of collected



Water 2024, 16, 3152 4 of 12

effluent at the column outlet during column experiments was measured using a UV-
spectrophotometer at wavelength 260 nm.

Dodecane concentration is determined using gas chromatography (Agilent 7890A).
The measurement method of effluent dodecane concentration is as follows: A pipette was
used to draw 1 mL of effluent and the effluent was transferred into a plastic tube. Then,
10% hydrochloric acid (0.05 mL), ethanol (2 mL), and n-hexane (1 mL) were added into a
plastic tube sequentially. The mixture was vortexed for five minutes and then allowing the
mixture to settle for thirty minutes. An amount of 0.75 mL n-hexane sample located at the
upper phase of the tube was pipetted and measured with gas chromatography (Agilent
7890A) equipped with a flame ionization detector and HP-5 capillary column. The injection
volume of the sample is 2 mL with a split injection ratio of 30:1. Temperature of the injection
port and detector were 300 ◦C and 310 ◦C, respectively. The flow rates of hydrogen, air, and
nitrogen are 30, 400, and 20 mL/min, respectively. The exact concentration of dodecane in
effluent is calculated by the dodecane concentration standard curve.

JZ-200A (Chengde, China) surface tensiometer with a platinum plate is used to mea-
sure the interfacial tension between the organic phase (dodecane) and monoRL solution
using the Du Noüy Ring method at 25 ◦C. The detailed method is as follows: MonoRL
solution (15 mL) was pipetted to a 50 mL beaker. Then, dodecane (15 mL) was pipetted and
added to the top of the monoRL solution. Before measurement, the beaker was settled for
thirty minutes to ensure monoRL partition to the dodecane-water interface. Measurements
were reproducible and average results were reported.

The concentration of monoRL was measured with the phenol sulfuric acid method.
In brief, 2 mL of the effluent was transferred into a 7 mL centrifuge tube using a pipette. The
pH of the sample was adjusted to 2.0 with 1 mol/L hydrochloric acid. Then, 2 mL of ethyl
acetate was added and shaken vigorously for 5 min. The upper organic phase was aspirated
with a pipette after standing for stratification. The remaining aqueous phase was extracted
with ethyl acetate for a total of 3 times. The obtained organic phases were dried at 60 ◦C.
Extracted monoRL was dissolved in a colorimetric tube with 2.0 mL of 0.05 mol/L sodium
bicarbonate solution. Then, 1.0 mL of 5% phenol solution and 5.0 mL of concentrated
sulfuric acid were added. After 10 min of reaction, the solution was settled for 20 min at
25 ◦C. The monoRL absorbance was measured at 480 nm using a spectrophotometer.

Measurement methods of Zeta potential and size of monoRL-dodecane aggregates can
also be found in Ref. [28]. To evaluate the potential of NAPL mobilization versus trapping
of NAPL within a porous medium, one can use dimensionless parameters, such as capillary
number (NC), Bond number (NB), and trapping number (NT). Details describing these
parameters can be found in previous investigations [40–43].

The SDBS retardation factors were acquired by fitting the BTCs of SDBS with the
software of STANMOD. Specific dodecane/water interfacial area (Anw, cm2/cm3) was
acquired with the knowledge (Equation (1)) of the interfacial partition coefficient (Ki),
equilibrium sorption coefficient (Ks), retardation factor (R), volumetric water content (θw),
and bulk density (ρ).

R = 1 + KiAnw/θw+ Ksρ/θw (1)

The details about the Anw calculation method are described by Saripalli et al. [44].

3. Results and Discussion
3.1. Miscible Displacement of Dodecane

PFBA breakthrough curve (BTC) is shown in Figure 1. The PFBA BTC is sharp and
symmetrical for arrival and elution waves, showing uniform ideal transport and uniform
packing of the column. Initial monoRL flushing experiments are focused on the displace-
ment of dodecane. Before surfactant flushing, initial dodecane residual saturation is 8.3%.
Then, the column is firstly flushed for 10 PV with 10 mg/L SDBS solution so as to avoid
the dodecane mobilization caused by SDBS solution flushing. GC measurement results
showed no measurable mobilization and solubilization of dodecane occurred. The results of
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surfactant flushing experiments indicated that the mobilization of dodecane only occurred
in the first 3 PV flushing for each monoRL concentration.
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Figure 1. The PFBA-BTC in the PBS saturated column.

The variation in dodecane residual saturation is shown in Table 1. An obvious de-
crease in dodecane residual saturation occurred when the column was flushed with 50 and
150 µM monoRL solution, while further flushing with a higher concentration (500 µM)
of monoRL just caused a tiny decrease in residual saturation. It can be explained by the
variation in interfacial tension between the dodecane phase and monoRL solution. In this
study, capillary forces are accountable for dodecane trapping because they resist dodecane
transport. Capillary forces can be reduced by reducing interfacial tension. Furthermore,
buoyancy force may play a role in enhancing the mobilization of dodecane in consideration
of the different densities between dodecane and water. The potential of dodecane migration
could be evaluated by the parameters of NC, NB, and NT. As shown in Table 1, the value
of NC is close to NB, which means both NC and NB dominate the dodecane displacement
procedure. Therefore, it is appropriate to use NT as the parameter to evaluate the displace-
ment of dodecane caused by monoRL solution flushing. According to a previous study,
the magnitude of the trapping number corresponding to the onset of NAPL mobilization
is in the order of 10−5 [40,41]. With the rise of surfactant flushing solution concentration
from 0 to 50, 150, and 500 µM, the interfacial tension between solution monoRL solution
and dodecane reduced from 40.7 mN/m to 9.1, 3.3, and 1.1 mN/m. The corresponding NT
increased from 2.62 × 10−5 to 1.18 × 10−4, 3.25 × 10−4, and 9.76 × 10−4, respectively. At
the same time, the residual saturation of dodecane decreased from 8.3% to 5.7%, 2.0%, and
1.8%, respectively. Based on the calculation, 78% of dodecane in the column was displaced
from the column because of the mobilization caused by the reduction in interfacial tension.
We need to note that 76% of dodecane has been displaced out of the column under the flush-
ing of 3PV 150 µM monoRL solution and the change in dodecane saturation is tiny with the
monoRL concentration increasing from 150 to 500 µM. It may be attributed to capillary end
effects [45]. The effect of surfactant rinsing on the removal of NAPL from a porous medium
has been studied by other researchers. For instance, a report from Pennell et al. indicated
that the injection of less than 2 pore volumes of a 4% Aerosol AY/OT solution resulted in
more than 99% residual PCE recovered from the column [25]. Jaydeep et al. reported that
about 37% of NAPL were recovered after the 5 PV flooding of an anionic surfactant [46].
Compared to these studies, monorhamnolipid exhibited an excellent ability to enhance the
mobilization of dodecane at lower concentrations. Therefore, monoRL solution flushing
at a relatively low concentration may provide an economic method for the remediation
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of NAPLs contaminated sites. For instance, at the beginning of remediation, a relatively
low concentration (near CMC) monoRL solution can be used to remove most of the NAPL
mass in the media based on the mechanism of mobilization. Then, a high concentration of
rhamnolipid should be applied to remove the rest of the NAPL by solubilization. It will be
more cost-effective this way for the use of rhamnolipid, an expensive biosurfactant.

Table 1. Parameter of dodecane miscible displacement experiments.

Column Interfacial Tension
(mN/m)

Dodecane
RS a (%) R b Anw

(cm2/cm3) NC c NB d NT e

PBS saturated column 1.656
column with residual saturation

dodecane 40.9 ± 0.10 8. 3 2.096 2.04 1.08 × 10−5 1.54 × 10−5 2.62 × 10−5

column is flushed with
50 µM monoRL for 3 PV 9.1 ± 0.06 5.7 2.088 2.13 4.87 × 10−5 6.93 × 10−5 1.18 × 10−4

column is flushed with
150 µM monoRL for 3 PV 3.3 ± 0.06 2.0 2.206 3.03 1.34 × 10−4 1.91 × 10−4 3.25 × 10−4

column is flushed with
500 µM monoRL for 3 PV 1.1 ± 0.10 1.8 2.293 3.54 4.03 × 10−4 5.73 × 10−4 9.76 × 10−4

a Residual saturation; b retardation factor; c capillary number; d Bond number; e trapping number.

3.2. Residual Dodecane (NAPL) Solubilization

For each experiment, a 1-D flow solubilization experiment is conducted after the
dodecane displacement experiment. Dodecane elution curves acquired from column
solubilization experiments are presented in Figure 2. It is obvious that the solubilized
dodecane concentration is enhanced at both sub-CMC monoRL concentrations (50 and
150 µM) and above CMC concentration (500 µM). Corresponding solubilized dodecane
concentration in the column flushing experiment is 11.4, 14.2, and 158.5 µM, respectively.
The solubilized dodecane concentration at sub-CMC concentration is significantly lower
than that at hyper-CMC concentration. It indicates a higher concentration of monoRL
can result in more remarkable dodecane solubilization, which may be attributed to the
presence of enormous quantities of monoRL micelles. The breakthrough curve plateau of
dodecane concentration in column experiments is far lower than equilibrium solubilization
concentrations in our previous batch solubilization study in which solubility of dodecane
in PBS reached 300 and 1100 µM under the concentration of monoRL 50 and 150 µM,
respectively [28]. The significant difference may be attributed to lower (0.88 h versus
72 h) contact time in the column experiment than the batch solubilization experiment,
monoRL-dodecane aggregate’s retention in the porous medium, and dilution effects. Based
on our calculation, the recovery of equivalent amounts of 10% of initial residual dodecane
in the column by 500 µM monoRL solution flushing solubilization would require about
350 PV of monoRL solution. Therefore, compared to solubilization, displacing dodecane
from the column caused by reducing interfacial tension is more economical and effective
than surfactant solubilization.

Measurable retardation is observed for monoRL. Compared to the PFBA BTC, there is a
stable plateau at a value less than C/C0 = 1 (Figure 3). It indicates that the retention process
affected the transport of monoRL, which is irreversible. The results are different from our
previous study in which monoRL did not show a retention process during transport in
a saturated sandy porous medium containing no NAPL [47]. Based on the observation
of DLS measurement results and our previous study [48], monoRL irreversible-retention
behavior is due to the existence of monoRL-dodecane aggregates. Figure 4 shows the
aggregate size and zeta potential of monoRL-dodecane aggregates in the outlet at BTC
plateaus. Aggregate particle size is lower than 550 nm according to DLS measurement
data. Therefore, the value of the particle-to-medium size ratio is about 0.003. The ratio
is far lower than the empirical threshold (0.05) and it means straining effects will not
occur. Therefore, straining is not responsible for the retention [49]. Considering the glass
bead is geochemically homogeneous, the mechanism most likely contributing to aggregate
retention is sorption on the porous medium surface and at physical heterogeneities. Figure 4
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shows that the size of monoRL-dodecane aggregate decreases with the rise in monoRL
concentration. It can be explained by the structure of dodecane-monoRL aggregate in our
previous investigation. Dodecane-monoRL aggregate was viewed as sphere aggregate
with monoRL molecules partitioned at the surface with alkane in the core of the aggregate.
The molecules of monoRL approach each other on the surface of the aggregate; with
the increase in monoRL concentration, repulsion force between polar groups induces an
unequal rate of approach for polar and hydrophobic moieties between molecules, which
may cause an increase in aggregate surface curvature and decrease in monoRL-dodecane
particle size [50].
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3.3. Interfacial Partitioning Tracer Tests

The results of SDBS tracer tests are shown in Figure 5. The dodecane residual saturation
and retardation factors of SDBS obtained by data fitting (Figure 6) with the software of
STANMOD and Anw are presented in Table 1. The results show that the flushing of
monoRL solution results in an obvious increase in specific dodecane-water interfacial
areas. According to experiment data, the decrease in residual saturation of dodecane
is significant under the flushing of monoRL solution (Table 1). The increase in specific
NAPL-water interfacial areas is likely a result of the occurrence of more tiny dodecane
drops and the redistribution of dodecane in the column. For example, Ghosh et al. reported
that oil blobs were broken down into smaller blobs and redistributed in a pore-scale
study [46]. The increase of Anw is slight under the flushing of 50 µM monoRL solution,
while the increase of Anw is significant under the flushing of 150 µM and 500 µM monoRL
solution. It may be caused by the more significant interfacial tension decrease for 150 µM
and 500 µM monoRL solution flushing than that caused by the 50 µM monoRL solution.
The further decrease in interfacial tension may be in favor of the formation of smaller
dodecane drops and redistribution. The dodecane-water interface is a crucial variable
affecting the dissolution rate [37,51]. For example, Li et al. reported that the oxidation
rates of NAPL decreased with the decrease in NAPL-water interfacial areas, on account
of the control of NAPL mass transfer into the aqueous phase [52]. Therefore, the ability
of monoRL to enhance the NAPL-water interface area may be beneficial to subsequent
bioremediation or in-site chemical remediation.
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Figure 6. Fitting of SDBS-BTC with two-site chemical nonequilibrium model by STANMOD
software. ((A)—PBS saturated column, (B)—column with residual saturation (8.3%) dodecane,
(C)—column is flushed with 50 µM monoRL for 3 PV, (D)—column is flushed with 150 µM monoRL
for 3 PV, (E)—column is flushed with 500 µM monoRL for 3 PV).

4. Conclusions

Remediating the NAPLs contaminated aquifer is an important issue. Surfactant-
enhanced aquifer remediation is a promising technology. This investigation mainly focused
on the affecting of monoRL flushing on the mobilization and solubilization of residual
dodecane in porous medium. The results of this investigation show that monorhamnolipid
biosurfactant is effective in enhancing the removal of residual dodecane in saturated glass
bead columns at relatively low concentrations. Miscible displacement is the predominant
mechanism for the removal of dodecane. At the same time, this investigation demonstrated
solubilization of dodecane in a porous medium can be achieved even at low concentrations
and the solubilization is based on the aggregate-formation mechanism. At the solubilization
stage, a higher concentration of surfactant should be used. This study implies using a
surfactant solution with a significantly higher CMC concentration may be unnecessary at
the initial stage, which is helpful for the application of surfactant in remediating NAPL-
contaminated sites. These results indicate the potential of monorhamnolipid to apply in the
field of surfactant-enhanced aqueous remediation. However, the performance of monoRL
in practical applications is influenced by other factors. For example, solution pH, coexisting
ions, and soil sorption may influence the performance of monoRL in practical applications.
Therefore, field tests on the application of monoRL for remediation should be conducted in
the future.
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