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ABSTRACT

Surfactants are crucial for reducing surface tension at liquid interfaces and
have diverse applications in various fields. Solutions of surfactants can help
remediate contaminated soil and groundwater. Foams, dispersions of gas
bubbles within a liquid stabilized by surfactants, exhibit enhanced sweep
properties that can improve the cleaning efficiency in groundwater
remediation. However, surfactant-stabilized foams are thermodynamically
unstable, and this poses challenges to their applications. Utilizing
nanoparticles in conjunction with surfactants has shown promise in
enhancing foam properties and contaminant recovery. Biosurfactants, which
are surfactants naturally produced by microorganisms, offer a promising
alternative to synthetic surfactants due to their biodegradability and low
toxicity. In this paper, we investigated the use of biosurfactants, specifically
rhamnolipids, in combination with bio-nanocrystals, namely cellulose
nanocrystals (CNCs), to improve foaming properties and assess
contamination recovery through foam flooding tests. The effect of pH and
CNCs on the foaming properties of the rhamnolipid solution was also
examined. Foam stability and foamability were evaluated using modified bulk
foam tests, considering foam stability parameters and maximum foam
volume. Constant shear rate and strain amplitude sweep tests were
performed on different foams formulated at varying pH levels to assess
viscosity and elasticity, and to distinguish the foam exhibiting superior
properties. Furthermore, sand pack flooding experiments were conducted to
assess the performance of rhamnolipid-stabilized foams in groundwater
remediation. The results reveal pH-dependent variations in the foaming
properties of the mixture. The findings suggest that an optimal, eco-friendly
foam with maximum stability, foamability, and elasticity can be formulated
by using 1000 mg/L rhamnolipid together with 1000 mg/L CNCs at a pH value
of 10. Additionally, experiments demonstrate that foams with optimal
properties can recover approximately 70% of contaminants (n-decane),
representing more than three times the recovery achievable through the
same amount of water injection.
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1. INTRODUCTION

Soil and groundwater may become contaminated
due to accidental discharge of organic
contaminants such as petroleum products during
their production, transportation, and storage,
thereby impacting the long-term quality of
groundwater and soil (11, 21, 67). Therefore,
addressing soil and groundwater contamination is
essential for preventing long-term impacts on the
environment. In general, contaminant remediation
techniques can be divided into chemical, physical,
and biological methods (32). Among these
remediation techniques, chemical methods like in
situ chemical oxidation (ISCO) are widely regarded
as the most effective means for addressing
petroleum and hydrocarbon product contamination (70). However, chemical methods may require
additional treatment due to the chemical residues produced during the remediation process (32).
Physical remediation methods, categorized as in situ or ex situ, often involve excavating contaminated
sites or displacing non-aqueous phase liquids. These approaches can be costly and may have limited
efficiency due to technological constraints (46, 64). In contrast, biological methods, while limited in
applicability and influenced by numerous factors, offer an environmentally friendly treatment option that
can be applied to large, contaminated areas, mitigating some of the concerns associated with traditional
chemical and physical treatment methods (32). This work aims to combine the best aspects of physical
and chemical approaches while minimizing their respective drawbacks.

KEY POINTS:

e Rhamnolipid- and cellulose nanocrystal-
based foams were formulated for
groundwater and soil remedjation.

e Optimal pH and constituent concentrations
were determined to achieve high stability
and foamability.

e foam flooding tests on sand pack samples
demonstrated the foams' effectiveness for
remediation.

Biological in situ degradation of hydrocarbon products relies on the introduction of specific
microorganisms to contamination site (30). Certain microorganisms utilize hydrocarbon products as a
carbon source and can biodegrade them into harmless substances, such as CO, and H,O (26). Despite
their numerous advantages, biological methods are known to be time-consuming and their efficiency
highly dependent on environmental conditions such as pH levels, temperature, salinity, type of
contaminant, and other factors (32).

An alternative method that may overcome these disadvantages involves injecting a biodegradable
surface-active agent (surfactant) to reduce the surface tension at the liquid-gas interface and increase
the solubility of the contaminant (13, 48, 68). Surfactants, which can be petroleum-based or bio-based
in origin (63), are amphipathic molecules that lower the surface tension between two liquids or a liquid
and gas (48). Historically, in situ remediation has involved flooding the contamination sites with selected
petroleum-based (synthetic) surface-active agents (surfactant flooding) (13). To date, petroleum-based
surfactants have been primarily used due to availability and cost.

Research and development on biosurfactants has recently increased significantly. Biological or
biosurfactants are produced by microorganisms such as yeast, bacteria, or fungi and are generally
classified by their chemical compositions and molecular weights (63). Certain microbes naturally produce
biosurfactants to access substrates for growth that are not miscible with water. Rhamnolipids are a class
of biosurfactants composed of rhamnose sugar head groups and 3-(hydroxyalkanoyloxy) alkanoic acid
(HAA) tail groups. Rhamnolipids are produced at high levels by the bacterium Pseudomonas aeruginosa,
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with production of up to 240 g/L rhamnolipids in a fed-batch culture (9). The low interfacial tension of
0.25 mN/m (14) makes rhamnolipids interesting for use in foams, and they have been explored for use
in oil recovery (12). While these properties alone make rhamnolipids interesting for remediation, the
economical production of rhamnolipids has also been explored (9, 33, 56, 61), furthering their potential
for use in remediation processes.

Groundwater remediation and enhanced oil recovery (EOR) share several similarities in their methods
and challenges. Both processes involve injecting fluids to mobilize and extract target substances from
near-surface or subsurface porous media. The primary distinctions lie in considerations of temperature,
pressure, and resident fluid properties, as well as their objectives: groundwater remediation focuses on
removing contaminants and pollutants, whereas EOR aims to enhance resource extraction from
subsurface reservoirs (2). Surfactant flooding is a widely applied technique used in both groundwater
remediation and EOR (17, 29, 36). Surfactant flooding techniques are based on lowering the interfacial
tension between liquid interfaces, such as oil and water, and directing residual oil to production wells
(17). Among various surfactant flooding methods, Foam-Assisted Surfactant Flooding (FASF) is a method
known for its several advantages (36); FASF combines the reduction of liquid-liquid interfacial tension to
significantly low levels where foaming of the gas can control gas mobility (36, 49). However, surfactant-
stabilized foams show some instabilities due to the gravitational drainage and diffusion-induced foam
coarsening at subsurface applications, particularly in presence of oil (18, 41, 52). These challenges may
be mitigated by adding nanoparticles such as silica, fly ash, and iron oxide. (28). The stability of foams is
significantly influenced by the characteristics of nanoparticles (NPs) incorporated into the system. Key
factors include nanoparticle size, concentration, and the pH of the solution (4, 52). Although each of
these multiple factors usually has a combined effect on foam stability, smaller nanoparticles usually have
a positive effect on foam stability when other factors are kept constant. Smaller nanoparticles have a
higher surface area-to-volume ratio, which enhances their ability to adsorb at the gas-liquid interface,
thereby stabilizing the foam (16, 39, 76).

Increasing the concentration of nanoparticles generally enhances foam stability up to a certain point in
a given concentration of particular surfactant. Higher concentrations provide more particles to adsorb
at the gas-liquid interface, forming a robust barrier against bubble coalescence (59, 72) with and without
the presence of oil (52). However, beyond an optimal concentration, excess nanoparticles can lead to
aggregation or increased viscosity, which may adversely affect foam stability (35).

The pH of the solution affects the surface charge and dispersion stability of nanoparticles. At certain pH
levels, nanoparticles may aggregate due to reduced electrostatic repulsion, leading to decreased foam
stability. Adjusting the pH can modify the surface properties of nanoparticles, influencing their
interaction with surfactants and the gas-liquid interface (45). Researchers have focused on formulating
an optimal foam by conjugating different surfactant molecules and nanoparticles. Wang et al. (67) used
fly ash and alpha-olefin sulfonate (AOS), and lauramidopropyl betaine (LAPB) mixture to formulate a
foam for soil remediation and found an optimal concentration of nanoparticles for highly stable foam.
Similarly, Guo and Aryana (27) formulated highly stable CO, foams using silica and nano clay with LAPB
and AOS mixtures. Microfluidic experiments showed that more than 90% of the oil may be recovered by
foams formulated with LAPB-AOS mixtures (27).

Although subsurface application of nanoparticles has several benefits, their toxicity and environmental
impact have been a cause for concern (53, 54). Metal oxide nanoparticles such as TiO,, ZnO,, and Fe304
are among the most used engineered nanoparticles in different fields. Most of these nanoparticles have
been reported to show inverse health effects on humans and other living organisms. Grassian et al. (25)
reported a significant inflammatory response when mice were exposed to 7.22 mg/m? TiO nanoparticles
for 4 hours each day over a total duration of 10 days. The study also showed that these nanoparticles
can be suspended in air and form aerosol particles, which can be inhaled and cause an immune response
(25). In their study, Karlsson et al. (37) reported cell viability and DNA damage, as well as cytotoxicity
associated with exposure to ZnO and TiO, nanoparticles at a concentration of 40 pg/cm?.
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Alternatively, nanomaterials such as cellulose nanocrystals (CNCs) are primarily obtained from low-cost,
renewable resources and are used for various healthcare applications (58). Cellulose is a fibrous, tough,
water insoluble polymer of glucose molecules. Cellulose is the most abundant polymer naturally present
in plants, algae, fungi, and some bacteria (22). Cellulose nanocrystals are produced from bulk cellulose,
usually involving acid hydrolysis to break down the cellulose structure (10) to form nanocrystals (15).
Cellulose nanocrystals consist of cellulose chain segments with an almost perfect crystalline structure
and exhibit high specific strength, surface area, and other unique properties (22). Therefore, CNCs can
be an alternative for toxic and economically costly metal oxide nanoparticles, especially for remediation.

In this work, we used rhamnolipid biosurfactant, together with CNCs, to formulate highly stable foams
that can be used for soil and groundwater remediation. While employing foam flooding can mitigate
adverse effects like gravitational segregation and viscous fingering, integrating biological surfactants
with nanoparticles aims to minimize environmental impacts during groundwater and soil remediation.
In this lab scale study, we investigated the effects of pH, surfactant, and CNC concentration on foam
stabilities for obtaining optimal foams. Their effectiveness in remediation was also investigated through
foam flooding experiments.

2. MATERIALS AND METHODS

2.1. Rhamnolipid CMC measurements, the effect of PH

A commercially available 90% pure rhamnolipid surfactant® was used as the foaming agent. In porous
media settings, foam stability depends on surfactant concentration, critical micelle concentration (CMC),
electrolyte concentration, and the ability of surfactant to form black films (5). Among these, CMCis a key
parameter in governing the stability and foamability of surfactant-stabilized foams (44). Critical micelle
concentration is defined as the maximum solubility of a monomer at a particular solution, and at CMC,
surfactant molecules start to aggregate and form micelles. To achieve optimal performance, the
surfactant concentration must significantly exceed the CMC, often by several orders of magnitude. This
is because surfactant molecules preferentially absorb fluid-fluid interfaces. The presence of micelles in
the bulk solution, even when these interfaces are present, indicates that the interfaces are saturated with
surfactant molecules. Such saturation ensures that the surface tension at the interfaces has reached its
minimum possible value (19, 59, 75). The presence of impurities, ions, and the pH of the solution
influence the CMC, which in turn affects foamability (19, 44). Therefore, understanding the ionic strength
of the solution and accurately measuring the CMC values are fundamental steps in formulating stable
foams. During our experiments, deionized (DI) water was used for simplicity. However, the pH of the
solution was modified using 4, 7, and 10 color-coded pH buffer solutions®. Reported CMC values for
mono and di-rhamnolipids and their mixtures usually range from 1 to 500 mg/L (7, 57, 69). The CMC
values can be determined by measuring the equilibrium surface tension of surfactant-containing
solutions at various surfactant concentrations. At the CMC, the solution achieves a minimal surface
tension (y), and further addition of surfactants no longer affects the surface tension (69). To determine
the CMC value for a rhamnolipid solution at three different pH levels, the surface tension of a series of
surfactant concentrations was measured using a force tensiometerc and the plate method.

Critical micelle concentration measurements can also be conducted using the dynamic light scattering
(DLS) technique. Topel et al. (62) compared CMC measurements obtained from fluorescence
spectrometry and DLS for polybutadiene-block-polymer systems. Their results demonstrate that CMC
values obtained from DLS are as sensitive as those obtained from fluorescence spectrometry (62).
According to their study, the intensity of scattered light remains constant at concentrations below the
CMC, whereas it increases linearly above it. This phenomenon occurs because the concentration of
surfactant affects the amount of scattered light, leading to a proportional increase in the count rate.
While DLS is an easy-to-handle technique that can be utilized for CMC measurements of surfactants and

a AGAE technologies ®, R90
b Fischer Chemical
¢ KRUSS scientific, K100
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polymers, it is essential to consider its limitations (23). Hence, in addition to surface tension experiments,
DLS measurements, including average hydrodynamic diameter and scattered light intensity, were
performed over a range of rhamnolipid concentrations at neutral pH to compare and corroborate the
results. In this work, a Brookhaven Zeta PALS instrument was employed to obtain the average
hydrodynamic diameter and light intensity. The results obtained from these measurements are reported
and further discussed in the results and discussion section. The secondary objective of conducting DLS
measurements to determine the CMC is to evaluate the efficacy of this method in relation to established
techniques like the surface tension method. Due to inconsistent DLS measurements, surface tension
measurements were exclusively used to determine CMC values.

2.2. CNCs and effect of sonication

Although the stability of foams depend on the combination of multiple factors, including nanoparticle
size, investigations into the size-dependent properties of SiO, and AIOOH nanoparticles have revealed
that nanoparticles with smaller sizes tend to generate overall more stable foams compared to those with
larger sizes (16, 39, 74). Conversely, CNCs are characterized by their high aspect ratios and polydisperse
size distribution, making them prone to rapid aggregation in solution. An effective strategy to mitigate
this adverse effect is to break down CNCs into more uniform pieces by introducing energy. Sonication
has been identified as the most effective method for achieving this, thereby increasing the stability of
CNCs in solution (38). Previous studies have also demonstrated that nanoparticle concentration plays a
significant role in foam stability. Optimal nanoparticle concentrations for foam stabilization have been
observed for silica, iron oxide, and fly ash nanoparticles, typically around 1000 ppm (28, 31). Therefore,
in this study, CNCs were subjected to sonication at different concentrations, and the impact of sonication
on the average particle size was investigated. This approach aimed to assess how sonication influenced
the dispersion and stability of CNCs in solution, potentially providing insights into optimizing CNC-based
foam formulations. This study employed commercially available CNCs sourced from Nanografi® with an
average particle size of 10-20 nm in width and 300-900 nm in length. The powder form of CNCs was
dispersed in DI water under continuous stirring at 500 rpm using a magnetic stirrer for a duration of 24
hours. Following the stirring period, the samples were allowed to settle for additional hours before being
subjected to sonication using a probe sonicator? at varying amplitudes and energies. To maintain the
integrity of the solution and prevent evaporation or compositional changes, a dry ice bath was applied
around the sonicated sample. Subsequently, the average hydrodynamic diameters of the samples were
measured using a Brookhaven Zeta PALS instrument, which employs the DLS technique at room
temperature. The obtained results are presented in the results section, providing insights into defining
an optimal sonication time for future experiments.

2.3. Foam properties

Foam stabilities and foamability are commonly assessed using bulk foam tests, where foam stability
refers to the duration it takes for the foam to decrease to half of its initial volume or height in a cylinder,
while foam foamability represents the maximum amount of foam generated initially. Both parameters
can be evaluated simultaneously in modified bulk foam tests (28). However, these measurements,
particularly foam half-life, often require extended durations, posing experimental challenges (31). To
address this, additional parameters known as R5 and R60 can be employed to assess foam stability within
a shorter timeframe. The parameters R5 and R60 are defined as follows (43):

Foam height (t=5 min)
RS =

[

Initial foam height

Foam height (t=60 min)
Reo =

Initial foam height

Higher values of R5 and R60 indicate enhanced stability, while the maximum foam volume shows
foamability. In this study, R5, R60, and maximum foam volume were evaluated for foams at three
different pH levels, three rhamnolipid concentrations (500, 1000, and 1500 mg/L), and four CNC
concentrations (0, 500, 1000, and 15000 mg/L). The tests were conducted using 20 mL solutions in a 100

d QSonica, Q700
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mL graduated cylinder, with a camera recording the initial foam volume and its degradation over a one-
hour period. Bulk foam properties were evaluated using the modified bulk foam testing method
described by Guo et al. (28). This method involves vigorously shaking a graduated cylinder for a specified
duration or until the maximum foam volume is achieved, after which the foam decay rate was carefully
analyzed. In all experiments, air was used for foam generation. The choice of this foam generation
technique was primarily driven by the need to maintain consistency between the rheology and foam
stability experiments. The results obtained are discussed in detail in the results and discussion section.

2.4. Viscoelasticity of foam

Viscoelasticity has a direct impact on the sweep efficiency of injected fluids in porous media. Viscoelastic
fluids can elongate and deform as they flow through porous media, enabling them to reach low
permeability regions. We conducted an amplitude sweep test using a strain-controlled rheometer® to
measure foam viscoelasticity. A cup and vane geometry was implemented. Due to the nature of foams,
and based on our experience, we selected this relatively short and informative test. Foams were prepared
with 1000 mg/L Rhamnolipid and 1000 mg/L CNCs at pH values of 4, 7, and 10 inside the cup before
performing the tests. A 10 ml initial sample was taken for each experiment, and the cup was shaken
rigorously for 1 minute to form a foam. In an oscillatory test, the vane is fixed while the cup oscillates
back and forth. The amplitude of oscillation (how far the moving cup moves back and forth) gradually
increased from 1 to 100%, while keeping the frequency (rate of oscillation) constant at 10 rad/s. This
means the material experiences increasing strain. Then, we monitored the evolution of storage modulus
(G") and loss modulus (G"). These moduli are crucial for understanding the viscoelastic behavior of
materials under strain. Their interpretation provides insights into the material's structure and
performance. A high G' value suggests that the material is more elastic, meaning it can withstand higher
elastic deformations viscoelastically. A high G" value indicates that the material is more liquid-like or
viscous, thus it flows and deforms readily under stress, with a significant amount of energy being lost

(1).

Similarly, the viscosity of the foam at a constant shear rate of 10 s™* was measured as a function of time.
The same test procedure was applied: a 10 mL initial sample was placed in a cup and shaken rigorously
for 1 minute to form foam. This test serves as a simple, quick-check method to compare the viscosity
differences of various foams and observe their decay over time. Foams can enhance contaminant
recovery by increasing the viscosity of the displacing fluid, thereby reducing the mobility ratio between
the resident non-aqueous phase liquid (NAPL) and the displacing foam and improving displacement
efficiency (42).

2.5. Sand pack preparation and saturation

The cleaning efficiency of foam flooding is often evaluated using contaminated soil or core samples to
simulate the targeted formation. Sand packs are commonly utilized for soil and groundwater
remediation experiments due to their cost-effectiveness and the reproducibility of core sample
properties. In this study, artificial sand packs were prepared by modifying an existing sand pack
consolidation method from the literature (65). The sand packs comprised Northern-White
monocrystalline sandf with a grain size distribution corresponding to 100 mesh size, ranging from
approximately 0.15 mm to 0.4 mm in diameter. This sand is known for its high purity (100 %SiO2),
sphericity (0.8), and crush resistance, and is used for hydraulic fracturing in the oil and gas industry.
Figure 1 shows the sand packing and saturation procedure.

The dry sand consolidation process involved using a vibrational table at the medium vibrational
frequency for over an hour. The sand column was secured with porous rocks and 100-mesh metal meshes
at each end. The pack was saturated by injecting water from the bottom up by holding the sample
vertically. An ISCO pump? was used for water injection at a rate of 1 mL/min, and at least three pore

e TA Instruments®, ARES G2
fCarbo®
g Teledyne ISCO 1000D

InterPore Journal, Vol. 2, Issue 1, 2025 https://doi.org/10.69631/ipj.v2ilnr36


https://doi.org/10.69631/ipj.v2i1nr36

Orujov et al. Page 7 of 20

Step 1 Step 2

80 KPa

DN
neadcess

5

L F

Water effluent

Sand pack holder

25 c¢cm

Porous rock & mesh

Water injection

Vibrational Table | | ISCO pump

Figure 1: Sand pack consolidation and saturation procedure.

volumes (PV) water were injected. Porosity and permeability values were calculated based on the
methods described in literature (51).

In this study, consolidating the sand packs was essential to create struc-tureally integrated samples with
controlled permeabil-ity and consistency across experiments. This approach ensured uniform porosity
and permeability across all sand packs, enabling us to isolate and evaluate the specific effects of foam
treatments without introducing additional variability from differences in the porous media properties.
Moreover, it's important to note that laboratory-consolidated sand packs typically exhibit higher
permeability than naturally occurring consolidated rocks such as sandstone.

2.6. Foam flooding experiments

For groundwater remediation experiments, a "pre-generation” foam injection method was employed
(71). This injection method involves generating foam using a foam generator before the injection
process. The pre-generation method is particularly advantageous for high permeability porous media,
such as sand packs, because it can create a higher pressure drop at the inlet (6). Figure 2 illustrates the
experimental setup for pre-generation foam injection.

The experimental setup comprises a syringe pump" utilized for injecting both the contaminant and
surfactant solution. Pre-generated foam was injected into sand-packed columns measuring 6.5 cm in
diameter and 25 cm in height, as shown in Figure 2. In laboratory studies, researchers frequently use
single, well-characterized compounds as model contaminants in the form of NAPLs (47). This approach
allows for the isolation of specific variables and mechanisms without the complexities introduced by
mixtures of contaminants. For example, normal-decane (n-decane), a straight-chain alkane, is commonly
selected due to its representative properties among aliphatic hydrocarbons (3, 8, 40). This simplification
facilitates a more controlled investigation of contaminant behavior and remediation strategies. Normal-
decane, a straight-chain alkane, served as the representative non-aqueous phase liquid (NAPL)
contaminant during the experiments. Following full saturation of the sand pack with water, decane was
horizontally injected at a rate of 1 mL/min using the syringe pump until it was produced at the outlet.
The injection scheme was designed to mimic a real-life scenario where the contaminant gradually
migrates from the contamination source to the aquifer. The quantity of contaminant within the sand

hPHD ULTRA TM
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pack is then recorded by subtracting the produced NAPL from initial quantity prior to commencing the
foam flooding process.

Aranda et al. (6) investigated foam injection across various porous media with different permeability
ranges. According to their study, the permeability of foam generators does not significantly impact the
final results. In fact, foam generators with higher permeability may offer advantages by reducing
excessive injection pressures in both field and laboratory settings. Therefore, in this study, foam
generation employed coarse-grained sand with a wide grain size distribution. Foam was generated by
co-injecting air at a flow rate of 100 mL/min along with the surfactant and CNC mixture solution at a
flow rate of 1 mL/min. The distinct separation between the two liquids was visually observed in a
graduated cylinder at the sand pack outlet, where their immiscibility created a clear interface, with n-
decane forming the upper layer and water the lower layer. The process was monitored using a digital
camera' to record the recovery of contaminant and the pressure drop by using a digital pressure gauge’
with £ 0.05 accuracy at the inlet of the sand pack. Subsequently, the relevant data was obtained for
analysis.

3. RESULTS AND DISCUSSION

3.1. Rhamnolipid CMC measurements, the effect of pH

Surface tension measurements at a wide range of concentration and pH values was performed to
determine the critical micelle concentration (CMC) of the surfactant solutions. Figure 3a, shows the
results from surface tension measurements over a series of rhamnolipid concentrations at pH values of
4,7 and 10. At the CMC, the solution obtains the minimum surface tension, and adding more surfactants
does not affect the surface tension of the solution. Experimental findings presented in Figure 3a indicate
that the CMC of rhamnolipid increases with rising pH levels. Specifically, the CMC values were
approximately 50 mg/L at pH 4, 200 mg/L at pH 7, and 500 mg/L at pH 10. This is likely due to the
presence of the carboxyl group in rhamnolipid, which gives it an anionic character dependent on pH. At
lower pH values, the carboxyl groups are protonated, making the surfactant molecules more
hydrophobic and promoting micelle formation at lower surfactant concentrations. At higher pH,
however, most of the carboxylic groups are deprotonated, resulting in more negatively charged

Foam  Pressure Sand pack
) generator  gauge . 25 cm N
Surfactant + nanoparticle 10 em ) i
. —
solution
A
=] B
O
LO)|
|-'= vl 50

20

; Gas »
Syringe pump Flowmeter o
l ' I Foam sample Effluent

N/

Figure 2: Foam flooding experimental setup.
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surfactant molecules. This increased negative charge results in higher repulsion among molecules and
leads to higher CMC values (34, 50). Despite the change in CMC due to pH difference, surface tension
values above CMC (a,,.) Were not considerably different and were observed to remain around 29
mN/m. Since optimal foaming properties can be obtained above CMC concentrations, 500, 1000, and
1500 mg/L rhamnolipid concentrations were chosen for the foaming experiments.

The CMC for rhamnolipid at a neutral pH was also investigated using DLS measurements. Figure 3b,
shows that there is a noticeable change in the intensity of scattered light and the hydrodynamic diameter
at approximately 200 mg/L, which corresponds to the measured CMC value using a tensiometer.

Although there was an observable change in the intensity of scattered light and the hydrodynamic
diameter of particles at the CMC of the rhamnolipids, this technique does not yield accurate results for

80 l
—_— —D—pH=7
70
§ ~--pH=10
60 ~pH=4
g p
=50
S
040
5
- 30 — 7
8 KA “:‘7 A
20
o
5
c’)10
0
0 200 400 600 800 1000
Rhamnolipid concentration (mg/L)
a)
160 280
-+ Average intensity =
140 - 270 §
120 | )
-&-Mean hydrodynamic 260 5
@100 +  diameter %
g . - 250 5
B o
B> =
£ - 240 g
g 60 - g
S a0 | B0
= S
20 - 20 3,
w
0 : : ' : : : : : 210
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Figure 3: Critical micelle concentration of rhamnolipids: a) tension-meter, and b)
dynamic light scattering measurements at neutral pH.
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determining low CMC values. The sensitivity of DLS instruments for CMC measurements depends on
several factors, such as the light transmissivity of the sample, the ability to mitigate multi-scattering
phenomena at high sample concentrations, and the intrinsic resolution limitations of DLS, which can
restrict its capability to distinguish particles differing in size by less than a factor of 3 (39).

3.2. CNCs and effect of sonication

As previously described, the mixtures are sonicated to promote optimal dispersion of CNCs in the
solution and more stable foams. Here, we investigate the minimum input sonication energy to achieve
this goal. Figure 4 illustrates the results from the sonication of 10 mL CNCs in solution.

800

£+2000 mg/L CNC
5000 mg/L CNC

-0-10000 mg/L CNC

Average hydrodynamic diameter (nm)

200
100 | ‘ _ oO— — —0——Q
F O i & e S T —— T
0 [ 1 1 L L { 1 L L L } L L L L } L 1 1 L { 1 L 1 L } 1 1 L L
0 2000 4000 6000 8000 10000 12000

Sonication energy (J)

Figure 4: Effective diameter of cellulose nanocrystals vs. sonication energy.

From Figure 5, it is evident that cellulose nanorods can be broken down into an average hydrodynamic
diameter of approximately 100 nm through proper sonication. This step is particularly important as the
particle size can significantly influence foam stabilization processes. Therefore, for the subsequent
experiments, all CNC particle solutions underwent sonication with sufficient energy to achieve particle
sizes of approximately 100 nanometers.

The technoeconomic considerations for foam injection in near-surface remediation and subsurface
resource recovery scenarios are likely different. This work investigates the technical feasibility of
contaminant removal and remediation using bio-based foam systems. However, it is important to note
that economic considerations, which fall outside the scope of this study, will ultimately guide their
practical application. According to the results of experiments reported in Figure 4, approximately 1 kJ
of energy is required to break down a 10 mL solution containing 100 mg of CNC nanocrystals (10,000
ppm). While this energy consumption may be minimal, the economic feasibility of the process depends
on several factors, including geographic considerations, energy costs, and materials preparation
techniques (e.g., dry versus wet milling).
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3.3. Foam properties

The foam properties, specifically foamability and foam stability, were evaluated in relation to pH,
rhamnolipid concentration, and CNC concentration. The results below demonstrate that foam properties
exhibit a notable dependency on pH, as well as the concentrations of rhamnolipids and CNCs. As
previously stated, R5 and R60 quantify foam stability, measured by decay time, while maximum foam
volume indicates foamability. Hence, aiming for higher values of these parameters is desirable when
formulating foams to achieve superior overall properties. Figure 5 shows R5, R60 and maximum foam
volume (mL) for foams with different rhamnolipid and CNC concentration at pH values of 10, 7 and 4.

From Figure 5a, maximum R5, R60, and maximum foam volumes were observed for foams formulated
using 1000 mg/L of CNCs and 1000 mg/L of rhamnolipids. Remarkably, the foam formulated by 1000
mg/L rhamnolipid together with 1000 mg/L CNCs at a pH value of 10 exhibited superior stability
compared to all other formulations across various pH levels. Due to its stability, this specific foam
formulation was selected for foam flooding experiments. Similarly, Figure 5b illustrates the foam stability
parameters R5, R60, and the maximum foam volume at a neutral pH. Foams at a neutral pH exhibit an
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Figure 5 (a,b): Foam stability and foamability for various combinations of Rhamnolipid and
cellulose nanocrystals (CNC) at a pH value of a)10 and b) 7.
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formulated with the 1000 mg/L of rhamnolipid and CNC, generated by simultaneously
vigorous shaking for 1 minute.

overall inferior stability and foamability compared to those at a pH of 10. Foams generated at a pH value
of 4 exhibited the least favorable stability and foamability when compared to foams generated at a
neutral pH and a pH of 10. Figure 5c shows that the maximum foam volumes at a pH of 4 did not exceed
6 mL, and most of the foams decayed within an hour. This indicates that the environment with a pH of
4 adversely affected foam stability and foamability compared to neutral and alkaline conditions. Figure
5d visually demonstrates the foams formulated with 1000 mg/L rhamnolipid and 1000 mg/L CNCs at pH
values of 4, 7, and 10. Each solution in Figure 5d has a volume of 10 mL, and all foams were generated
by vigorously shaking the vials simultaneously for 1 minute, followed by a 30-second resting period.

The pH-dependent stability and foamability of rhamnolipid foams have been investigated in various
studies, yielding similar results (24, 34, 50). The reduced foamability and stability of rhamnolipid foams
at a low pH can be attributed to the reduced electrostatic repulsion between surfactant molecules (50).
This reduction in repulsion leads to a decrease in the electrostatic charge on the surfactant films,
resulting in a reduced ability to maintain bubble separation, ultimately causing the bubbles to collapse.
Interestingly, excessive foaming is generally unfavorable for rhamnolipid fermentation processes, and
therefore, foam control is often achieved by adjusting the pH (24). By optimizing the pH conditions, it is
possible to regulate the foam formation and stability during rhamnolipid production, ensuring efficient
fermentation processes.

InterPore Journal, Vol. 2, Issue 1, 2025 https://doi.org/10.69631/ipj.v2ilnr36


https://doi.org/10.69631/ipj.v2i1nr36

Orujov et al. Page 13 of 20

3.4. \Viscoelasticity of foam

Rheological properties of foams are directly relevant to their behavior in porous materials, and here we
examine the foam'’s storage modulus (G') and loss modulus (G"). Figure 6a shows that the highest G'
and G" values correspond to the foam formed at the highest pH, whereas the lowest pH produced
negligible foam. This is consistent with the results, where G' is almost zero at pH 4.

On the other hand, the results in Figure 6b indicate that the foam formulated with 1000 mg/L CNC and
1000 mg/L rhamnolipid at a pH of 10 exhibits a higher viscosity compared to that at pH 7, which, in turn,
is higher than at pH 4. Furthermore, the decrease in viscosity over time suggests that the foam at a pH
of 10 exhibits higher foamability, with the reduction in viscosity attributed to foam bursting. In contrast,
the foams at pH 7 and 4 demonstrate lower foamability compared to the foam at pH 10.

Considering the importance of elasticity, viscosity and elongational flow in porous media, it can be
concluded that foams formed using 1000 mg/L rhamnolipid and 1000 mg/L CNCs at pH 10 will result in
the highest sweep efficiency.
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Figure 6: a) Strain amplitude sweep tests, b) Constant shear rate viscosity for foams
with 1000 mg/L rhamnolipid and 1000 mg/L cellulose nanocrystals at pH values of 4,
7,and 10.
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3.5. Sand pack preparation and saturation

To simulate the impact of the rhamnolipid-CNC foams on hydrocarbon contaminated soils, sand packs
were prepared and decane was introduced as the contaminant. Two identical sand packs were prepared
and saturated for water and foam flooding using the consolidation technique described in Figure 1.
Table 1 shows the properties of the consolidated sand packs.

Table 1: Properties of sand packs used for flooding experiments.

Properties Sample 1 Sample 2
Core diameter (mm) 58.5 58.5
Length (mm) 228.6 (97) 228.6 (9”)
Pore volume (L) 0.197 0.191
Porosity, ® (%) 32+2 321
Steady state AP (psi) 0.5 0.8

Flow rate, Q (mL/min) 1 2

Water viscosity, p (cP) 0.89 0.89
Permeability, K (mD) 416 833

3.6. Foam flooding experiments

After saturating the sand packs with a minimum of three pore volumes of water, decane was injected
using a syringe pump at a flow rate of 1 mL/min. Approximately 100 mL of decane was injected for each
sand pack sample before it was produced over the outlet. The sand pack samples (Sample 1 and Sample
2, as shown in Table 1) used for water and foam flooding were distinct and independent. Sand Pack
Sample 1 was used for water flooding, while Sample 2 was used for foam flooding without prior water
flooding. Subsequently, the recovery factor for water and foam injection was calculated at various pore
volume (PV) injections, and the results are depicted in Figure 7.

The recovery factor was calculated as the percentage ratio of the displaced n-decane to the original
amount of n-decane present in the system. Results show that 1 PV water injection can only recover
around 20% of the decane. In contrast, 1 PV solution of rhamnolipid and CNCs mixture and air can
recover around 70% of the contaminant.

The initial decane saturation in samples 1 and 2 was approximately 49% before both water and foam
flooding. Multiple studies have conducted similar flooding experiments using rhamnolipid foams for soil
and groundwater remediation. For instance, Wang and Mulligan (66) performed column experiments to
assess the feasibility of using rhamnolipid foam for the removal of cadmium (Cd) and nickel (Ni) from
contaminated sandy soil. Their findings demonstrated that a 0.5% rhamnolipid foam solution at pH 10.0
successfully removed 73.2%
of Cd and 68.1% of Ni after 80
flushing with 20 pore
volumes of the solution.
Similarly, Xue et al. (73)
investigated the combined
effect of rhamnolipids and
bacterial consortia on the
bioremediation of petro-
leum-contaminated  soils.
Their results indicated that
the addition of rhamno-
lipids significantly enhan-
ced the rate and extent of
total petroleum  hydro- -+~Water flooding (Sample 1) ->-Foam flooding (Sample 2)
carbon biodegradation,
achieving up to 81% | Figure 7: Recovery factor during flooding experiments.
removal within 35 days (73).
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A more recent study by Zhu et al. (77), which conducted foam flooding experiments using glass beads
and actual soil samples contaminated with a mixture of naphthalene and phenanthrene (both polycyclic
aromatic hydrocarbons, PAHSs), is particularly relevant to the use of rhamnolipid-based foam flooding
for groundwater remediation and closely aligns with our study. Under optimal conditions, Zhu et al.
achieved removal efficiencies of 60.1% for naphthalene and 56.68% for phenanthrene from soil samples.
In laboratory-simulated media using glass beads, the removal efficiencies were even higher, with 76.69%
for naphthalene and 70.43% for phenanthrene. The study utilized a surfactant mixture of rhamnolipid
and fulvic acid in a 3:1 volume ratio and concluded that this combination significantly outperformed the
use of either rhamnolipid or fulvic acid alone. Foams formulated solely with rhamnolipid achieved less
than 55% recovery of PAH contaminants under optimal conditions, highlighting the limitations of using
rhamnolipid-only foams for effective remediation (77). Considering this, our foam formulated with CNCs
and rhamnolipid has demonstrated enhanced recovery properties, proving to be more effective.

A potential question that may arise concerns understanding the pH ranges of soil and groundwater
encountered in real-life field scenarios, as these may affect the application of rhamnolipid foam
performance. Globally, soil pH typically ranges from 3.5 to 9, with pH values above 9 indicative of strongly
alkaline soils, which are rare (60). According to the US EPA, the permissible range for groundwater pH is
approximately 6.5-8.5. However, contaminated groundwater may exhibit pH values outside this range
(20). Although rare, studies have shown that corrosion of metal equipment, particularly in industrial sites,
can lead to localized increases in groundwater pH above 10 (55).

Given the rarity of encountering a pH of 10 in natural conditions, this study focused on identifying the
most favorable foam formulation by investigating foam properties under controlled conditions rather
than replicating natural conditions. Additionally, the performance of the foam in field applications may
depend on the generation method (e.g., in situ or ex situ), the resident fluids, and physical conditions.
For instance, in a relevant study, Wang and Mulligan (66) found that rhamnolipid-based foam with
optimal contaminant recovery properties could be formulated at an initial pH of 10, and the injection of
this pre-generated foam into a soil column achieved the highest contaminant recovery (66). Future
studies may explore the effects of additional factors on foam performance in field-scale applications.

4. CONCLUSION

In conclusion, this study investigated the utilization of a biosurfactant, specifically rhamnolipids, in
combination with bionanocrystals, namely CNCs, for the creation of stable foams applicable in
groundwater and soil remediation. The study examined how various factors such as pH, CNC, and
rhamnolipid concentrations influenced foam properties, and identified the optimal foam formulation
exhibiting the highest foam volume and stability parameters, denoted as R5 and R60. It was observed
that increasing the pH had a positive impact on foam properties. Consequently, foams formulated at a
pH value of 10 demonstrated properties superior to those at a pH of 7 and 4.

The study identified an optimal foam that was formulated with 1000 mg/L rhamnolipids and 1000 mg/L
of CNCs at a pH value of 10, exhibited an R5 value of 0.85, an R60 value of 0.69, and achieved a maximum
foam volume of 85 mL under the specified test conditions. Furthermore, strain amplitude sweep tests
confirmed that the foam exhibited high stability and foamability, and also demonstrated superior
elasticity. Therefore, this foam formulation was selected to conduct foam flooding tests using a
consolidated sand pack sample representing contaminated groundwater-bearing formations. Decane
was employed as the non-aqueous phase liquid (NAPL) contaminant for the flooding tests. The foam
injected by the pre-generation technique was generated using a sand-pack generator and injected into
the consolidated sand-pack. Repeated experiments involving both water and foam injections revealed
that foam injection resulted in approximately 68% contaminant recovery with only one pore volume of
draining agent injection, whereas an equivalent volume of water injections yielded only around 19%
decane recovery. Therefore, this foam, formulated by biosurfactant and bionanocrystals, can be a
biodegradable and eco-friendly alternative for foams used for subsurface remediation. In the future, this
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study could be expanded to include more biosurfactants and explore a wider range of foam properties
in a bio-based system.
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