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HIGHLIGHTS GRAPHICAL ABSTRACT

e A novel alcohol-in-biopolymer emulsion
achieved 100 % diesel recovery in sandy
soil.

e Highly viscous shear-thinning emulsion
ensured stable displacement in porous
media.

e Diesel swelling induced by 1-pentanol
enabled efficient mobilization and
recovery.

e Porous media studies confirm complete
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ARTICLE INFO ABSTRACT
Keywords: Conventional in-situ light non-aqueous phase liquid (LNAPL) remediation techniques often face challenges of
Diesel high costs and limited efficiency, leaving residual hydrocarbons trapped in soil pores. This study investigates the
Emulsion

efficiency of an alcohol-in-biopolymer emulsion for enhancing diesel-contaminated soil remediation. The
emulsion, formulated with xanthan gum biopolymer, sodium dodecyl sulfate surfactant, and the oil-soluble
Oil-swelling alcohol alcohol 1-pentanol, was evaluated through rheological tests, interfacial tension measurements, and one-
Porous media dimensional sand-column experiments under direct injection and post-waterflooding scenarios. The emulsion
Enhanced soil remediation exhibited non-Newtonian shear-thinning behavior with high viscosity, ensuring stable propagation and efficient
delivery of 1-pentanol to mobilize trapped diesel ganglia. It achieved 100 % diesel recovery within 1.2 PV during
direct injection, outperforming shear-thinning polymer-only and polymer-surfactant solutions, which achieved
recovery factors of 83.4-92.9 %. Post-waterflooding experiments also demonstrated 100 % diesel recovery
within 1.3 PV, regardless of initial diesel saturation. Key mechanisms include reduced interfacial tension, diesel
swelling and mobilization induced by 1-pentanol, and uniform displacement facilitated by the emulsion’s

Biopolymer xanthan gum
Surfactant
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viscosity. Additionally, the emulsion required lower injection pressures compared to more viscous alternatives,
enhancing its injectability into the soil and reducing energy demands. These findings highlight the emulsion’s
potential to overcome conventional remediation limitations, offering a highly effective and sustainable solution
for diesel-contaminated soils and groundwater.

1. Introduction

The contamination of soils and groundwater by light non-aqueous
phase liquids (LNAPLs), such as petroleum hydrocarbons, represents a
significant environmental challenge due to their long-term persistence
and potential carcinogenic and mutagenic risks to ecosystems and
human health [77]. Upon release into the subsurface, LNAPLs infiltrate
downward through the vadose zone and accumulate above the
groundwater table, forming a persistent contamination source that is
difficult to remediate. The conventional pump-and-treat (PT) technique
is commonly used to remediate LNAPL-contaminated sites in free-phase
form. However, PT often proceeds slowly and shows limited effective-
ness in removing LNAPLs from the subsurface, primarily due to their
physicochemical properties, such as low aqueous solubility, high inter-
facial tension with water, and adsorption onto soil particles [12,45]. The
oil phase typically exists as ganglia within soil pores, where it is trapped
by strong capillary forces that conventional methods fail to overcome
[74]. Moreover, these challenges are further compounded by the
complexity of the subsurface environment, particularly in heteroge-
neous soils, where variations in permeability and soil anisotropy hinder
effective remediation [2,76]. This has led to the development of alter-
native in-situ remediation techniques aimed at enhancing contaminant
removal from subsurface environments.

Several alternative in-situ remediation approaches have been
explored to enhance the recovery of LNAPLs from subsurface environ-
ments. Among these approaches, surfactant-enhanced aquifer remedia-
tion (SEAR) [9,25,39,41,42,59,84] and cosolvent (i.e., alcohol) flushing
[22,32,38] have shown promise in removing contaminants from soil
pores. Surfactant-induced displacement of LNAPLs has been shown
through two primary mechanisms: (i) mobilization, driven by a reduc-
tion in the LNAPL/water interfacial tension (IFT), and (ii) micellar sol-
ubilization, wherein LNAPL droplets are incorporated within surfactant
micelles [30,31]. The micellar solubilization typically occurs at surfac-
tant concentrations exceeding the critical micelle concentration,
resulting in the formation of a Winsor Type I microemulsion system.

Similarly, alcohol flushing can enhance both the mobilization and
solubilization mechanisms of LNAPL trapped in soil pores [22,32,44].
The displacement mechanisms can vary depending on the specific type
of alcohol (e.g., molecular weight) used in the flushing solution and the
distinct properties of LNAPL. Lower molecular weight alcohols, typically
those lighter than four carbon atoms (Cy4), are generally water-soluble
and act as cosolvents, reducing the polarity of the water phase and
making it more compatible with LNAPL. This reduces the IFT between
water and LNAPL, enabling the dissolution of LNAPL without requiring
the presence of surfactants at micellar concentrations [3,32,38]. For
instance, [63] demonstrated that a surfactant-alcohol solution (3 %
Brij-97 with 2.5 % n-pentanol “cosolvent”) achieved over 90 % of re-
sidual NAPL removal within 8-10 pore volumes via in-situ micro-
emulsion formation, relying on a solubilization mechanism rather than
mobilization. Similarly, [68] investigated polymer-enhanced surfactant
flushing, where a solution of 4 g/L xanthan gum (XG) and 2.3 g/L so-
dium dodecyl sulfate (SDS) led to remarkable petroleum hydrocarbon
removal within 5 pore volumes in a glass micromodel, as assessed by
image analysis (though the exact recovery factor was not specified).
Their approach also relied on the in-situ microemulsion formation,
employing a solubilization mechanism to enhance NAPL dissolution and
transport. Likewise, [21] employed in-situ microemulsion formation for
NAPL solubilization and displacement, using high surfactant concen-
trations (4-8 %) in combination with isopropanol as a cosolvent and

xanthan gum as a viscosifier. Moreover, incorporating surfactants and
alcohols into a single flushing fluid as microemulsions has been proven
to significantly enhance LNAPL removal within porous media [8,29].
Their application achieves ultra-low IFT between immiscible phases and
alters the wettability of the soil matrix, thereby enhancing the desorp-
tion, aqueous apparent solubility, and subsequent mobilization of con-
taminants previously adsorbed onto soil particles.

Nevertheless, remediation methods based on solubilization mecha-
nisms are generally less efficient for NAPL removal compared to those
employing mobilization mechanisms [21,31,69]. Enhanced NAPL
removal can often be achieved with mobilization mechanisms in just a
few pore volumes of fluid flushing, whereas solubilization-dominated
remediation typically requires tens to hundreds of pore volumes,
thereby increasing flushing costs [21,69]. The presence of higher mo-
lecular weight alcohols (>C4) in the flushing fluid can further enhance
the mobilization mechanism by swelling or expanding the NAPL phase.
These longer-chain alcohols preferentially partition into the NAPL phase
rather than the aqueous phase, due to their lower polarity and strong
affinity for NAPLs [28,71]. Through this partitioning and subsequent
swelling, residual NAPL ganglia are transformed into a continuous phase
within porous media, becoming less dense and less viscous, which
significantly improves their mobilization compared to discontinuous
NAPL residues [11]. Notably, the application of these “oil-swelling” or
“NAPL-swelling” alcohols has predominantly targeted dense
non-aqueous phase liquids (DNAPL) [11,34,44,62,71,73]. In contrast,
only one study assessed the effectiveness of oil-swelling alcohols in
removing LNAPLs. In that study, [32] investigated the swelling behavior
of benzene residues (LNAPL) using a two-dimensional glass pore
network micromodel measuring 15 cmx 10 cm. Their experiments
demonstrated that injecting 30 % tert-butanol or 30 % 1-propanol
caused swelling of benzene residues. Moreover, the co-injection of air
with the flushing solution significantly improved benzene removal by
facilitating LNAPL mobilization through the swelling mechanism.
However, their study was conducted in a homogeneous porous medium,
whereas in a heterogeneous systems, surfactant or cosolvent injection
alone may be ineffective due to bypassing of low-permeability zones,
where LNAPL droplets may remain trapped [72,67]. Similarly, air
co-injection with cosolvents injection may induce preferential flow
through high-permeability pathways, further reducing displacement
efficiency in low-permeability regions. Moreover, high-pressure airflow
injection may cause soil damage, including cracking or fissuring,
potentially leading to unintended subsurface flow pathways and
compromised remediation efficiency [54].

Despite advancements in in-situ flushing methods, their efficiency is
significantly reduced in heterogeneous soils with high anisotropy,
posing challenges in cost and long-term effectiveness. In recent years,
attention has shifted towards using viscous shear-thinning fluids, such as
aqueous foam [5,6,24,33,43,56,57] and polymer solutions [26,48,68],
to enhance LNAPL recovery from the subsurface. The shear-thinning
behavior of these fluids enable to prevent bypassing of
low-permeability zones in heterogeneous porous media, ensuring stable
and uniform displacement [10]. Aqueous foams have been increasingly
studied for their potential in LNAPL remediation due to their ability to
reduce interfacial tension and enhance displacement efficiency in
porous media. However, despite their broad capabilities, maintaining
foam stability in the presence of petroleum hydrocarbons remains a
significant challenge, as it impacts on foam properties (e.g., viscosity)
and behavior (e.g., rheology, increased collapsing time). In contrast,
polymer solutions do not encounter such stability challenges in
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hydrocarbon-contaminated environments. Although relatively few
studies have explored the use of polymers for LNAPL removal from soil
[26,49,64,68,87], findings indicate that recovery yields achieved with
polymer solutions are significantly higher than those obtained with
conventional PT methods. However, even after polymer flushing, some
LNAPL ganglia may remain trapped in the soil pores, rendering them
immobile. In addition, the use of high-viscosity fluids presents certain
challenges, such as increased injection pressure, which can lead to in-
jection difficulties or even soil uplift [55].

To overcome these limitations, polymer solutions can be combined
with other in-situ remediation techniques within a single flushing fluid
to enhance sweeping efficiency. [85,86,88] reported that xanthan
gum-based polymer solutions significantly improve the transport of
remedial agents into low-permeability zones in heterogeneous porous
media, thereby enhancing sweep efficiency. Meanwhile, [7] demon-
strated that a xanthan gum-ethanol mixture, injected into a heteroge-
neous soil column composed of silica sand (92 %), clay (5 %), and
organic matter (3 %), propagated uniformly throughout the porous
medium, effectively facilitating ethanol transport. Similarly, [78] and
[1] showed that xanthan-based mixtures successfully overcame soil
heterogeneity, maintaining stable and uniform displacement in multi-
layer soil systems with high permeability contrast. Despite these ad-
vancements, the use of oil-swelling alcohols for LNAPL remediation
remains largely unexplored, with only one study reported to date [32].
This research gap is likely due to the similarities in physical properties
between oil-swelling alcohols and LNAPLs, which may have limited
their application despite their promising potential for enhancing LNAPL
removal. Furthermore, direct alcohol injection may not be applicable in
heterogeneous soil systems, as alcohols tend to preferentially flow by
high-permeability pathways, bypassing low-permeability regions and
reducing overall remediation efficiency. To address this research gap,
our study introduces an alcohol-in-biopolymer (oil-in-water) emulsion
as a novel flushing fluid to enhance LNAPL remediation efficiency. The
proposed emulsion is formulated with xanthan gum (XG) biopolymer,
oil-soluble 1-pentanol, and the environmentally friendly surfactant so-
dium dodecyl sulfate (SDS). This formulation incorporates the
biopolymer-stabilized emulsion’s ability to enhance the transport of
dispersed 1-pentanol droplets into low-permeability regions, while the
oil-swelling properties of 1-pentanol facilitate LNAPL swelling and
displacement, ultimately improving overall remediation efficiency.

This study has two main objectives: (i) to quantitatively evaluate the
emulsion’s performance in LNAPL removal under direct injection and
post-waterflooding scenarios through one-dimensional sand-packed
column experiments, while comparing its efficiency with other shear-
thinning polymer and polymer-surfactant solutions; and (ii) to explore
the underlying mechanisms governing emulsion’s behavior during in-
jection. To this end, bulk experiments, including rheological and inter-
facial tension measurements, were conducted to examine the emulsion’s
rheological behavior and its LNAPL displacement mechanisms in porous
media. The LNAPL recovery was determined by measuring the refractive
index of the organic phase in the effluent (see Section 2.7). This method
is original, rapid and easier to implement compared to generally used
techniques, in particular gas chromatography with a flame ionization
detector (GC-FID).

2. Materials and methods
2.1. Soil and LNAPL contaminant

The porous medium used in this study consisted of extra-siliceous
sand supplied by Sibelco, with grain sizes (D) ranging from 0.4 to
1.5 mm (D5p = 1.0 mm). This silica sand was chosen to replicate the
properties of a contaminated plurimetric-scale setup (BRGM’s PRIME
platform in Orléans, France), including its grain size, permeability, and
porosity.

The LNAPL used in this study was diesel fuel supplied by
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TotalEnergies. To enhance its visualization within the porous media,
Oil-Red-O, an oil-soluble dye from Sigma-Aldrich, was added to the
diesel at a concentration of 0.2 g/L. The addition of the dye did not
significantly change the physical properties of the diesel. The measured
physical properties of the diesel are summarized in Table 1.

2.2. Emulsion components

Xanthan gum (XG), a water-soluble anionic biopolymer derived from
Xanthomonas campestris, was selected as the base for the aqueous phase
of the emulsion due to its viscous, shear-thinning properties [18,52,53,
55]. The XG was supplied in dry powder form by Sigma-Aldrich.

1-pentanol, an oil-soluble alcohol, was used as the oil phase of the
emulsion for its ability to swell diesel, as highlighted by [66]. Further-
more, 1-pentanol is known for its biodegradability [4,75], making it an
environmentally favorable choice for remediation applications. The
1-pentanol (>99 % purity) was provided by Sigma-Aldrich, and its
physical properties are listed in Table 1.

Sodium dodecyl sulfate (SDS), a biodegradable and environmentally
friendly surfactant [47], was chosen for its dual role as both a surfactant
and an emulsion stabilizer. Its anionic nature plays a crucial role in
emulsion stabilization by promoting electrostatic repulsion between
dispersed droplets, thereby preventing coalescence [19]. Additionally,
SDS exhibits low adsorption onto silica soil surfaces due to their similar
negative charge, which helps maintain surfactant availability in the
system. SDS, with a purity of > 98.5 %, was supplied in dry powder form
by Sigma-Aldrich.

Deionized water with a resistivity of 18.2 MQ.cm, produced using a
Milli-Q water purification system, was used for preparing all aqueous
solutions and throughout all aspects of the experimental study.

2.3. Emulsion preparation

The aqueous phase of the emulsion was prepared by dissolving SDS
powder in deionized, degassed water and stirring for 3 h at 300 rpm.
The SDS concentration was set at 5 g/L, which is approximately twice its
critical micelle concentration of 8.2 mM (2.3 g/L) [65]. This concen-
tration was selected to provide surfactant depletion may occur due to
adsorption onto silica particles. Once SDS was fully dissolved, XG
powder was gradually added to the solution at a concentration of 1 g/L
and stirred for 12 hours at 300 rpm to avoid agglomeration and achieve
uniform dispersion. The 1 g/L XG concentration was chosen based on
[40] to ensure stable displacement behavior within porous media with a
grain size range of 0.4-1.5 mm at a displacement velocity of 1 m/day.
The emulsion was then prepared by mixing the aqueous
polymer-surfactant phase with the organic 1-pentanol phase in a 1:1 vol
ratio. The mixture was homogenized using an overhead stirrer (DLAB
0S40-S; Servilab, France) at 500 rpm for 3 h to ensure proper emulsion
formation.

2.4. Bulk rheological measurements

The rheological behavior of the emulsion was analyzed using a
Haake Mars 60 rheometer (Thermo Fisher Scientific) at a controlled
temperature of 20°C. Measurements were performed with parallel plate-
plate geometry (P60/Ti and TMP60), ensuring precise sample placement
and proper filling of the gap between the plates. Viscosity measurements
were conducted across a range of controlled shear rates from 0.01 s™! to
100 s, with steady-state viscosity values recorded at each shear rate.

To evaluate the rheological advantage of forming an emulsion, its
rheological behavior was compared to that of its continuous phase, an
aqueous solution containing 1 g/L XG and 5 g/L SDS. Additionally, the
study examined the rheology of various polymer solutions used in the
experiments, including (i) 1 g/L XG, (ii) 2 g/L XG, and (iii) 2 g/L XG
with 5 g/L SDS. All measurements were conducted in triplicate to ensure
reliability and reproducibility of the results.
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Table 1
Physical properties of fluids at 20°C.
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Fluid Density, Dynamic viscosity, Fluid/deionized water Refractive index at wavelength A= 589 nm,
p (g/cms) p (mPa.s) interfacial tension, RI()
6 (mN/m)
Diesel oil 0.824 + 0.001 3.15+ 0.05 21.8+0.1 1.45520 + 0.00001
1-pentanol 0.811 3.441 4.2+0.1 1.40787 + 0.00001

The viscosity data for all fluids were plotted as a function of shear
rate to evaluate their rheological behavior. The Carreau-Yasuda model
[80] was applied to fit the experimental rheological curves, where the
apparent viscosity y (Pa.s) at a given shear rate y (s His expressed as:

n-1

1) =t + (o — )1+ (20)] @ €h)

where, u, (Pa.s) is the zero-shear viscosity, y,, (Pa.s) are the infinite-
shear viscosity, n (—) is the power-law index, a (-) is the transition
parameter, and 4 (s) is the time constant that defines the transition from
the Newtonian region to the power-law region of flow.

2.5. Interfacial tension measurements

The primary objective of measuring the interfacial tension (IFT) was
to evaluate the impact of 1-pentanol and the SDS surfactant on the IFT
between the aqueous polymer-surfactant phase and the organic diesel
phase. Furthermore, understanding IFT behavior is essential for assess-
ing emulsion stability and the efficiency of fluid displacement in porous
media. In this study, IFT was measured across various interfaces,
including deionized water or polymer solutions (1 g/L or 2 g/L XG) with
diesel or 1-pentanol, as well as polymer-surfactant solutions (1 g/L or
2 g/LXG with 5 g/L SDS) with diesel, 1-pentanol, or a 1:1 vol mixture of
1-pentanol and diesel.

The IFT measurements were conducted using a DSA-100 Drop Shape
Analyzer (KRUSS) with the pendant drop method [70]. A clean syringe
and needle were used to form a pendant drop of the aqueous phase. The
syringe, filled with the aqueous phase, mounted on the apparatus. A
pendant drop was gradually formed at the needle tip, which was
immersed in a glass cuvette filled with 6 mL of the organic phase. The
aqueous phase was dosed carefully until the drop reached a sufficient
size for analysis. The images of the drop were captured by the appara-
tus’s camera, and the IFT was calculated automatically using the
Young-Laplace equation. All measurements were conducted at 20°C and
repeated five times to ensure accuracy and reproducibility.

2.6. Experimental study in porous media
The primary objective of the one-dimensional (1D) column experi-

ments was to evaluate the effectiveness of the emulsion in removing
diesel from a porous medium (silica sand-pack).

Pressure
transmitter
]

2.6.1. Experimental setup

A conceptual illustration of the 1D-column experiment setup is pre-
sented in Fig. 1. The column, made of a glass tube with an internal radius
of 4 cm and a length of 30 cm, was designed for experiments involving
an unconsolidated sand-pack. Two metallic mesh grids with a pore size
of 250 um were placed at either end of the column to retain the sand. All
fluids were injected into the sand-pack using a Reglo ICC Ismatec®
digital peristaltic pump, offering a resolution of 0.01 rpm. Differential
pressure along the column was measured using a Rosemount 3051S
Emerson transmitter, with a range of 0-625mbar (+5 mbar at
maximum pressure). Effluent samples were collected in 15 mL poly-
propylene tubes and monitored using a Scout STX6201 OHAUS® digital
scale (6200 g capacity, 0.1 g precision). The concentration of diesel in
the effluent samples was determined by measuring the refractive index
using an Abbemat Performance Plus 550 (Anton Paar®) digital refrac-
tometer, with an accuracy of + 0.00002 nD and a resolution of
4+ 0.000001 nD (see Section 2.7).

2.6.2. Experimental procedure

The installation and preparation of the 1D column were carried out
according to the following protocol. First, the sand was thoroughly
washed with demineralized water to remove dust, which could affect the
permeability of the sand-pack. It was then dried in an oven at 95°C for
two days. The glass column was first positioned vertically and packed
with the dried sand to create an unconsolidated porous medium. Once
filled with sand, the column was pressurized to 3 bar using air, and the
pressure was monitored for over one hour to check for leaks. Afterward,
the column was flushed with CO, at a flow rate of 3 mL/min for one hour
to remove trapped air, as the solubility of CO, in water prevents the
formation of air bubbles within the porous medium. Subsequently, the
column was saturated from bottom to top with three pore volumes of
degassed, deionized water at a constant flow rate of 1 mL/min. The mass
of the column was measured both before and after water saturation to
calculate the pore volume (PV) and porosity of the porous medium. After
achieving uniform water saturation, the column was positioned hori-
zontally to measure the intrinsic permeability (k). This was determined
by injecting deionized water at flow rates ranging from 1 to 10 mL/min
while measuring the resulting pressure drop along the column. The
permeability (k) was then calculated using Darcy’s law, as follows:

Q kAP
u—2_rar

A= @)

1D column

Peristaltic
pump

Camera

Injection fluid

=2
-
Effluent | O
+ Data acquisition
samples |
—
S
B=--' =
Digital scale Refractometer

Fig. 1. Schematic diagram of the experimental setup for diesel recovery via emulsion injection in a 1D sand-pack column.
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where, u (m/s) is the Darcy velocity, Q (m3/s) is the flow rate, A (mz) is
the cross-sectional surface area of the porous medium, k (mz) is the
intrinsic permeability, AP (Pa) is the pressure drop along the length L
(m), and p (Pa.s) is the dynamic viscosity of the fluid, which can be
defined as follows for Newtonians fluids,

H== 3
4

where, t (Pa) is the shear stress and y (s™1) is the shear rate. Conse-
quently, the equivalent shear rate (7,,) within porous media can be

determined using the equation proposed by [17]:

_4au
Veg = Deq

G

where, a represents a shift factor influenced by the tortuosity of the
porous media with the porosity @ (-) and the rheological properties of
the bulk fluid, as described by [13]. Based on the mathematical deri-
vation representing the porous media as a bundle of capillaries, in
accordance with the Darcy’s and Poiseuille’s laws, the mean pore radius
Teq (M) can be calculated using the Kozeny [35] equation as follows:

Teqg = % %)

In the subsequent stage, the water-saturated sand-pack was posi-
tioned vertically, and diesel was introduced at a constant flow rate of
1 mL/min until irreducible water saturation (S,; %) was reached. The
diesel was injected in a top-down direction to avoid gravitational effects
and prevent fingering caused by density differences. The irreducible
water saturation was determined by measuring the volume of water
present in the effluent. Table 2 lists the main measured properties of the
porous media used in this study.

Diesel recovery experiments were conducted using a horizontally
positioned column to mimic reservoir conditions, with all fluid in-
jections performed at a fixed flow rate of 1 mL/min. Two fluid injection
methods (direct treatment and post-treatment) were employed to assess
the effectiveness of the emulsion in removing diesel from the sand-pack:

i. Direct treatment experiments involved injecting 2 PV of the emulsion
immediately after saturating the column with diesel. This method
aimed to displace the continuous phase of diesel in the porous me-
dium through direct fluid injection. Additionally, the efficiency of
the emulsion was compared with aqueous polymer-only solutions
(1 g/L XG and 2 g/L XG) and polymer-surfactant solutions (1 g/L XG
+ 5g/L SDS and 2 g/L XG + 5 g/L SDS). All direct treatment ex-
periments were performed in triplicate to ensure reproducibility of
the results.

ii. Post-treatment experiments involved applying a waterflooding (WF)
process designed to mimic the conventional pump-and-treat tech-
nique, followed by emulsion injection. The WF process consisted of
injecting 2 PV of deionized and degassed water into the diesel-
saturated column to achieve residual diesel oil saturation (S, %).
Subsequently, 2 PV of the emulsion were injected to assess its
effectiveness in removing residual diesel. All post-treatment experi-
ments were carried out in quadruplicate.

Table 2
Properties of porous medium.
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2.7. Effluent analysis

Effluent mass and volume measurements were used in immiscible
fluid displacement experiments (without the presence of 1-pentanol) to
estimate diesel recovery. In contrast, for miscible fluid displacement
experiments, refractive index analysis of the organic phase in the
effluent was performed alongside mass and volume measurements to
quantify diesel recovery. Prior to refractive index measurements, the
effluent samples were centrifuged at 5000 rpm for 20 min using a Sigma
3-16PK centrifuge to separate the aqueous phase (XG + SDS solution)
from the organic phase (a mixture of diesel and 1-pentanol). The vol-
umes of the separated organic and aqueous phases were measured and
recorded. The refractive index of the organic phase was then measured
by placing 0.2-0.5 mL of the sample onto the glass prism of the refrac-
tometer. The diesel volume fraction ¢4 (-) in the organic phase was
determined from the measured refractive index n (-) using a calibration
curve (Eq. (6)), which was previously constructed using a set of standard
solutions with varying volume fractions of diesel and 1-pentanol (see
Supporting Data S1).

n=0.047¢,+1.4076 (6)

3. Results and discussion
3.1. Bulk characterization of emulsion

3.1.1. Emulsion rheological behavior

Fig. 2 presents the viscosity profiles of the emulsion and various
polymeric solutions as a function of shear rate at 20°C. All systems,
including XG solutions at concentrations of 1 g/L and 2 g/L, as well as
XG + SDS solutions (1 g/L XG + 5 g/L SDS and 2 g/L XG + 5 g/L SDS),
exhibit non-Newtonian shear-thinning behavior, characterized by a
decrease in viscosity (u) with increasing shear rate (y). Similarly, the
emulsion, comprising a continuous aqueous phase of 1 g/L XG + 5 g/L
SDS and a dispersed organic phase of 1-pentanol at a 1:1 vol ratio, also
demonstrated shear-thinning behavior across a wide range of shear
rates.
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Fig. 2. Viscosity as a function of shear rate for various fluids with Carreau-
Yasuda model fitting curves.

Porous media Grain size diameter, Porosity, @ (%) Permeability, Pore Volume, PV (mL) Mean pore radius, Irreducible water saturation,
d (mm) k (m?) Teg (nm) Swi (%)
Silica sand 0.4-1.5 36 +0.5 270 (+ 20) x 107'2 137 £ 1.0 79 +2.2 17 £ 0.5
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Notably, the emulsion maintained shear-thinning rheology even at
low shear rates (0.01-0.04 s_l), whereas all polymeric solutions
demonstrated a Newtonian plateau in this range. This Newtonian
plateau can be attributed to the formation of three-dimensional net-
works created by the entanglement of XG chains at low shear rates,
which gradually break down as the shear rate increases [83]. At higher
shear rates (15-100 s’l), the emulsion with 1 g/L XG in its continuous
phase exhibited a higher viscosity compared to aqueous polymer solu-
tions containing twice the XG concentration (2 g/L). To further char-
acterize these rheological behaviors, the experimental data were fitted
using the Carreau-Yasuda (C-Y) model (see Eq. (1)), which demon-
strated excellent agreement with the experimental data, as indicated by
high coefficients of determination (R? > 0.99). The fitting parameters
obtained via nonlinear regression are summarized in Table S. 1 (see
Supporting Data S2).

While all fluids demonstrate shear-thinning rheology, notable dif-
ferences are observed in their viscosity profiles. The viscous behavior is
primarily attributed to the presence of XG polymer in various fluid
mixtures, with the viscosity of XG solutions increasing at higher polymer
concentrations. However, the addition of 5 g/L SDS to the 1 g/L XG
solution resulted in a reduction in overall viscosity, likely due to
conformational changes in XG molecules caused by their interaction
with SDS. This viscosity reduction can be attributed to phenomena such
as electrostatic repulsion between similarly charged XG and SDS mole-
cules [1,36], hydrophobic interactions, hydrogen bonding, and the
formation of mixed micelles [82]. SDS modifies the stretched state of XG
molecules in solution, causing the polymer chains to twist and shrink,
which disrupts the polymer network structure and subsequently reduces
viscosity. Additionally, SDS may induce wall-slip effects during viscosity
measurements by creating a slip velocity between the solution and the
parallel plates, thus affecting the true shear values [57].

At higher XG concentrations (2 g/L), the addition of SDS (5 g/L) had
little impact on viscosity, as the viscosity profiles of 2 g/L XG and 2 g/L
XG + 5 g/L SDS were nearly similar. This suggests that the dense and
entangled polymer chain network dominates the rheological behavior,
making the system less sensitive to SDS-induced disruptions [51].

Interestingly, a different trend is observed for the emulsion formed
by combining oil-soluble 1-pentanol with an aqueous solution contain-
ing 1 g/L XG and 5 g/L SDS. At a shear rate of 1.86 s~1, which corre-
sponding to flow through a porous medium at an injection flow rate of
1 mL/min (calculated using Eq. (4)), the emulsion’s viscosity was three
times greater than that of its continuous phase (1 g/L XG + 5 g/L SDS)
and 1.8 times greater than that of the XG solution alone at the same
polymer concentration (1 g/L). Furthermore, the relative viscosity for
this emulsion, defined as the ratio upem/moc, Was approximately 12,
where pgem and pg. represent the zero-shear viscosities of the emulsion
and its continuous phase, respectively. These values were determined at
zero-shear rates using the Carreau-Yasuda model (see Supporting Data
S2 for details).

The high relative viscosity is primarily attributed to the dispersed oil
droplets (1-pentanol), which introduce additional flow resistance,
thereby increasing the system’s viscosity. At a 1:1 vol ratio, the
dispersed 1-pentanol droplets occupy a significant space within the
emulsion, hindering the motion of the continuous phase [58]. Addi-
tionally, the densely packed droplets form an internal network with
strong inter-droplet interactions, further enhancing the emulsion’s
structural complexity [81]. Such interactions are common in emulsions
with high dispersed phase content and are known to contribute to
increased viscosity and non-Newtonian shear-thinning behavior, as
noted by [50]. Consequently, this increase in viscosity highlights the
emulsion’ potential for enhanced LNAPL removal in porous media, as
higher viscosity fluids with shear-thinning behavior can significantly
improve sweep efficiency and displacement performance.

3.1.2. Interfacial tension
The interfacial tension (IFT) measurement results between the
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aqueous and organic phases are presented in Table 3. The IFTs between
XG solutions (at both 1 g/L and 2 g/L) and diesel were lower than those
observed for deionized water alone with diesel. Moreover, the IFT
decreased with increasing XG concentration in deionized water. The
incorporation of SDS surfactant (5 g/L) into XG solutions at 1 g/L and
2 g/L led to a significant reduction in IFT, decreasing it by more than
twelvefold in both cases. These findings align closely with those re-
ported by [1], who observed a fourteenfold IFT reduction when incor-
porating sodium dodecyl benzene sulfonate (SDBS) surfactant into XG
solutions.

The IFT between deionized water (with and without XG) and 1-pen-
tanol was notably over five times lower than that between deionized
water and diesel. Similarly, the IFT between the emulsion’s continuous
phase (an aqueous solution containing 1 g/L XG and 5 g/L SDS) and the
dispersed phase (1-pentanol) was comparable to the IFT between the
aqueous solution of 1 g/L XG with 5 g/L SDS and diesel. A slight
reduction in IFT was observed between the aqueous phase of the
emulsion and the diesel/1-pentanol mixture at 1:1 vol ratio. These IFT
measurements were subsequently employed to estimate the diesel
displacement regimes for various injection fluids within porous media.

3.2. Characterization of injection fluids in porous media

The displacement regimes of immiscible fluid flow within porous
media are characterized by the interplay between capillary and viscous
forces. Depending on which force predominates, the displacement can
manifest as: (i) capillary fingering, (ii) viscous fingering, or (iii) stable
displacement [40,61]. These regimes are typically characterized using
dimensionless numbers, such as the capillary number (Ca) and the vis-
cosity ratio (M), which describe the relative influence of viscous and
capillary forces on the displacement process [27,55]. These parameters
are defined as follows,

at

Ca= (@]
(o2

M=t ®)
Ha

where, u (m/s) is the Darcy velocity, ¢ (N/m) is the interfacial tension
between two immiscible fluids, y4 (Pa.s) and p, (Pa.s) are the displacing
and resident fluid dynamic viscosities, respectively.

The phase diagram proposed by Lenormand et al. [40], which plots
the logarithm of the capillary number (log(Ca)) against the logarithm of
the viscosity ratio (log(M)), was used to characterize the diesel
displacement regimes within porous media for various injection fluids,
including emulsion, water, and aqueous polymeric solutions with and
without SDS. For the emulsion, Ca was calculated using: (i) the IFT value
of 1.64 mN/m, determined between the resident diesel and the emul-
sion’s continuous phase (an aqueous solution containing 1 g/L XG with
5 g/L SDS, as shown in Table 3), and (ii) the emulsion’s bulk viscosity of
0.44 Pa.s, measured at a shear rate of 1.86 s’l, which corresponds to the
shear rate in porous media at an injection flow rate of 1 mL/min.

Table 3
Interfacial tension (IFT) of different pairs of fluid.

Aqueous phase  IFT with IFT with 1-pen- IFT with diesel/1-pentanol
diesel (mN/ tanol (mN/m) at 1:1 vol ratio (mN/m):
m)
Deionized 21.8+£0.1 42+0.1 524+0.1
water
1g/LXG 19.8 £0.1 39+0.1
2 g/LXG 17.6 £ 0.1 - -
1 g/L XG 1.6 £ 0.1 1.6 £0.1 1.3+0.1
+ 5 g/L SDS
2 g/LXG 1.2+0.1 -
+5g/L SDS
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Moreover, M, defined as the ratio of the emulsion’s bulk viscosity to that
of the resident diesel, was used to assess the displacement dynamics. The
shear rate in porous media was determined using Eq. (4), and the pa-
rameters used to calculate Ca and M for each displacing fluid are sum-
marized in Table S. 2 (see Supporting Data S4).

According to Lenormand’s phase diagram, log(Ca) values were
negative for all injecting fluids, while log(M) values were positive for all
except deionized water. These values placed all fluids within the tran-
sition zone between the capillary fingering and stable displacement
zones. This positioning indicates a complex displacement behavior,
characterized by intermittent capillary fingering alongside a more stable
displacement front. The transitional regime is influenced by various
factors, including pore geometry, fluid properties, and injection pa-
rameters, suggesting the complex nature of the displacement process
[23]. Meanwhile, the positive logarithmic values of the viscosity ratios
confirm the absence of viscous fingering, indicating a predominantly
stable displacement regime across all cases. Notably, the phase diagram
also highlights the unique position of deionized water (blue cross),
which falls firmly within the capillary fingering zone due to its low
viscosity and high IFT relative to diesel. Comparable positionings were
reported in the microfluidic experiments by [79], the glass bead column
studies by [16], and the low-permeability soil experiments conducted by
[23]. The low Ca and M for deionized water confirm its limited effec-
tiveness in achieving stable displacement, leading to inefficient diesel
recovery. This stark contrast underscores the importance of incorpo-
rating viscous and IFT-reducing additives, such as polymers and sur-
factants/alcohols, to enhance displacement efficiency and shift the
regime closer to stable displacement zones.

The phase diagram reveals that fluids with lower polymer concen-
trations, such as the 1 g/L XG solution (yellow diamond), fall within the
transition zone and exhibit a less stable displacement front compared to
higher-concentration solutions. Similar positioning in the transition
zone was observed by [55] for a 1 g/L XG solution used to displace
chlorinated solvents (DNAPL) in glass bead-packed columns. Increasing
the polymer concentration, as in 2 g/L XG solution (blue triangle), shifts
the displacement regime closer to the stable zone. The addition of SDS
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Fig. 3. Comparison of diesel displacement regimes in porous media for emul-
sion and various polymer and polymer-surfactant solutions using Lenormand’s
phase diagram.
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(5 g/L) to XG solutions (red square and black cross) significantly im-
proves displacement performance by reducing interfacial tension and
increasing capillary number, placing these fluids firmly closer to the
stable displacement region.

The emulsion (green circle) demonstrates superior displacement ef-
ficiency compared to the 1 g/L XG, 2 g/L XG, and 1 g/L XG + 5 g/L SDS
solutions, as it is positioned closer to the stable displacement regime.
This improved performance is attributed to the emulsion’s combination
of high viscosity and low interfacial tension, which optimizes the bal-
ance between capillary and viscous forces, promoting more uniform
displacement with minimal fingering. However, the 2 g/L XG + 5 g/L
SDS solution (black cross) is positioned above the emulsion, closer to the
stable displacement zone. With increasing XG concentration, the solu-
tion exhibits higher viscosity (see Fig. 2), which improves mobility
control by reducing the risk of viscous and capillary fingering. There-
fore, the increased viscosity improves sweep efficiency, ensuring a more
uniform displacement of the diesel phase. Additionally, the presence of
SDS further reduces IFT, facilitating diesel mobilization and enhancing
overall displacement efficiency. This suggests that the synergistic effects
of a higher polymer concentration combined with SDS further enhance
displacement stability and efficiency in porous media.

Nevertheless, it is worth noting that the emulsion’s diesel swelling
capability is not accounted for in Lenormand’s phase diagram. This
unique phenomenon is further explored through column experiments to
gain a deeper understanding of its impact on diesel displacement.

3.3. Assessment of diesel recovery efficiency in one-dimensional porous
media

3.3.1. Impact of direct emulsion injection on diesel recovery

Fig. 4a depicts the diesel removal efficiency results via direct injec-
tion for the emulsion and various XG solutions (1 and 2 g/L) with and
without SDS (5 g/L) as a function of PV. The irreducible water saturation
in all sand-pack columns was approximately 17 + 0.5 %. Breakthroughs
for 1 g/L and 2 g/L XG solutions occurred at 0.6 PV and 0.65 PV,
respectively. For the 1 g/L XG + 5 g/L SDS and 2 g/L XG + 5 g/L SDS
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solutions, breakthroughs were observed at 0.63 PV and 0.67 PV,
respectively, demonstrating a slight delay due to the presence of SDS.
This delay is likely attributed to the reduced IFT between the aqueous
and organic phases, which increases diesel mobilization. In contrast, the
emulsion exhibited a breakthrough at 0.73 PV, indicating its more
complex displacement dynamics compared to the other fluids.

The evolution of the recovery factors (RF) follows three distinct
phases, corresponding to the two-phase flow behavior in porous media,
which occurs as a piston-like flow within a stable displacement. Initially,
at around 0.6 PV, all injection fluids exhibit comparable RF values,
achieving approximately 70 % recovery with no significant differences
between them. Beyond this point, in the range of 0.6 — 1.2 PV (after
breakthrough), the nature of each injected fluid becomes a significant
factor in diesel removal efficiency. Increasing the polymer (XG) con-
centration correlates with improved RF, reaching 83.4 + 0.7 % and
88.3 £ 0.6 % for XG concentrations of 1 g/L and 2 g/L, respectively.
Incorporating SDS surfactant into XG solutions significantly enhances
diesel recovery compared to XG alone. For instance, adding 5 g/L SDS to
1 g/L XG achieved a recovery of 87.5 + 1.2 %, while combining 5 g/L
SDS with 2 g/L XG further improved recovery to 92.9 + 0.8 %. As
shown in Table 3, the addition of 5 g/L SDS to 1 g/L XG reduced the IFT
with diesel by over twelve-fold, while its addition to 2 g/L XG resulted in
a sixteen-fold IFT reduction. This significant decrease in IFT is the pri-
mary mechanism driving enhanced diesel recovery, as it facilitates the
mobilization of contaminants by reducing the capillary forces between
the two immiscible phases. However, deespite these improvements, re-
sidual diesel ganglia remain trapped within pore spaces after flushing
with XG and XG + SDS solutions, hindering further mobilization and
recovery.

Notably, the emulsion demonstrated the highest diesel recovery,
achieving 100 %. Therefore, the key mechanisms contributing to this
complete diesel recovery include: (i) high viscosity coupled with shear-
thinning rheology (Fig. 2), (ii) significant IFT reduction between the
aqueous and organic phases due to the presence of SDS and 1-pentanol
(Table 3), and (iii) the swelling mechanism of the diesel phase induced
by 1-pentanol. The emulsion’s high viscosity and shear-thinning
behavior facilitate stable and uniform displacement within porous
media. Its shear-thinning rheology ensures that viscosity decreases
under shear stress during injection but increases under low-shear con-
ditions in porous media, preventing premature phase separation and
maintaining droplet integrity. Additionally, the presence of SDS as a
surfactant stabilizes the dispersed 1-pentanol phase by forming a pro-
tective interfacial film around the droplets, effectively reducing IFT and
preventing coalescence. Meanwhile, the biopolymer XG enhances the
emulsion’s colloidal stability by increasing the viscoelasticity of the
continuous phase, thereby retarding the creaming mechanism that could
otherwise lead to emulsion instability [20]. Bulk experiments in grad-
uated cylinders further confirm the long-term stability of the emulsion,
showing that it remains stable for at least 30 days [66]. As a result, the
emulsion exhibits high stability under dynamic flow conditions in
porous media, driven by the viscosity of the continuous phase and the
electrostatic repulsion between dispersed 1-pentanol droplets induced
by SDS. This stability ensures the effective transport of dispersed 1-pen-
tanol droplets into low-permeability zones, where they facilitate diesel
mobilization and enhance recovery.

The high recovery efficiency of the emulsion is primarily attributed
to the physicochemical interactions between 1-pentanol and diesel,
which facilitate diesel ganglia swelling and mobilization during emul-
sion injection. Due to its longer hydrophobic alkyl chain, 1-pentanol
preferentially partitions into the diesel phase rather than the aqueous
phase, significantly altering the physicochemical properties of the
trapped diesel ganglia [66]. This partitioning induces two key mecha-
nisms: swelling of diesel ganglia and a reduction in IFT, both of which
contribute to enhanced diesel displacement. The swelling mechanism
occurs when 1-pentanol partitions into the diesel phase, disrupting
intermolecular forces and causing the ganglia to expand in volume. This
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expansion reduces the capillary forces that trap diesel within soil pores,
making it easier to mobilize [11]. As a result, previously immobile diesel
becomes more connected, enhancing its displacement efficiency. Addi-
tionally, 1-pentanol lowers the IFT between the aqueous and diesel
phases, further enhancing diesel mobilization. The combined effects of
swelling and IFT reduction leads to an overall improvement in diesel
connectivity and flowability, enabling the emulsion to displace diesel
more effectively, particularly in low-permeability zones. Consequently,
the diesel swelling mechanism induced by 1-pentanol plays a crucial
role in enhancing recovery efficiency and will be further examined
through effluent sample refractometry in Section 3.3.3. Following the
injection of 1.2 PV, RF plateaued across all fluids, indicating no further
significant changes in diesel recovery.

Fig. 4b illustrates the pressure gradient results as a function of PV in
1D sand-pack column for various injection fluids during diesel recovery.
While all fluids achieved similar diesel recovery factors before break-
through, their pressure gradient profiles exhibited notable differences.
Increasing the XG concentration in polymer-only solutions significantly
elevated the pressure gradient, with a twofold rise observed when the
XG concentration was doubled. This increase is attributed to the higher
viscosity of the 2 g/L XG solution, which enhances displacement due to
the greater resistance to flow.

The addition of SDS (5 g/L) to XG solutions (1 g/L and 2 g/L)
significantly reduced IFT between the aqueous and organic phases (see
Table 3), resulting in lower pressure gradients compared to polymer-
only solutions. For the 1 g/L XG + 5 g/L SDS solution, the reduced
pressure gradient relative to the polymer-only 1 g/L XG solution can also
be attributed to its lower viscosity, as confirmed by bulk rheological
measurements (see Section 3.1.1). In contrast, no significant changes in
viscosity were observed between the 2 g/L XG and 2 g/L XG + 5 g/L SDS
solutions (see Fig. 2). As a result, the decrease in the pressure gradient
for the 2 g/L XG + 5 g/L SDS solution, compared to the polymer-only
2 g/L XG solution, is primarily associated with the reduction in IFT
during two-phase flow in porous media rather than changes in viscosity.
The latter mechanisms, driven by SDS, facilitate diesel mobilization
through IFT reduction rather than solubilization or in-situ emulsion
formation.

Interestingly, the emulsion demonstrated a moderate pressure
gradient, slightly higher than that of the 1 g/L XG solution, yet signifi-
cantly lower than the high-viscosity 2 g/L XG solution, which exhibited
the highest pressure gradient due to its increased viscosity. Despite its
relatively low pressure gradient, the emulsion achieved a 100 % diesel
recovery, surpassing the performance of all other injection fluids. This
balance between a minimal pressure gradient and high recovery effi-
ciency underscores the emulsion’s effectiveness in displacing diesel from
soil. From an application perspective, the lower pressure gradient
associated with the emulsion enables easier injection into soil during
diesel remediation scenarios, thereby reducing energy demands and
operational complexity. These results highlight the emulsion’s signifi-
cant advantages for soil remediation, combining high removal efficiency
with practical applicability.

3.3.2. Effect of emulsion post-injection on diesel recovery

In real-field remediation of LNAPL-contaminated soils, the pump-
and-treat (PT) technique the commonly employed as a primary step to
recover free-phase LNAPL product [15]. To mimic this approach, the
post-treatment experiments were performed using a sequential manner,
starting with waterflooding (WF) as the initial step, followed by emul-
sion injection. Fig. 5 depicts the diesel recovery efficiency as a function
of PV during emulsion post-injection across four comparable experi-
ments (Column 1-4) conducted in 1D sand-packed columns. The
waterflooding phase primarily targeted the removal of free diesel
product, mimicking the pump-and-treat technique. To assess the influ-
ence of diesel residual saturation on the efficiency of the emulsion in-
jection, column experiments were conducted, resulting in varied
residual diesel saturations. Recovery factors during the waterflooding
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Fig. 5. Diesel recovery efficiency as a function of PV in 1D sand-pack columns
during emulsion post-injection.

phase ranged from 64.3 % under less favorable conditions to 79 % under
optimal conditions, corresponding to residual saturations of 35.7 %,
29.6 %, 25.4 %, and 21 %, respectively. These variations highlight the
impact of grain size and column packing on diesel displacement. The
limited recovery observed at waterflooding stage is primarily attributed
to flow instability driven by capillary and viscous fingering, as explained
in Section 3.2 using Lenormand’s phase diagram. This instability hinders
efficient displacement within the porous media, leading to bypassing of
low-permeability zones where residual diesel remains trapped. Beyond
approximately 2 PV of water injection, no further diesel recovery was
achieved, indicating the inherent limitations of conventional water-
flooding techniques in overcoming capillary forces and achieving com-
plete remediation.

The post-injection of emulsion following waterflooding demon-
strated high efficiency, achieving 100 % diesel recovery across all col-
umns within 1.2-1.3 PV, regardless of the initial residual diesel
saturations. These results highlight the emulsion’s ability to overcome
the limitations of conventional waterflooding, such as incomplete re-
covery caused by capillary forces and heterogeneities in porous media.
Through a combination of oil-swelling and mobilization mechanisms,
the emulsion effectively displaced the residual diesel ganglia that
remained trapped after waterflooding. The diesel swelling mechanism
and its role in enhancing recovery efficiency are comprehensively dis-
cussed in Section 3.3.3. Notably, the final recovery efficiency was in-
dependent of the initial residual saturation, further highlighting the
emulsion’s effectiveness as an enhanced remediation fluid for diesel-
contaminated soils.

Fig. 6 presents the pressure gradient results as a function of PV for
emulsion post-injection experiments conducted after the waterflooding
phase. The corresponding pressure gradient trends during waterflooding
phase for diesel recovery are provided in Figure S. 2 (see Supporting
Data S4). During emulsion injection, the pressure gradients in all four
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post-injection columns (yellow, red, blue, and green lines) increased
steadily with PV, demonstrating comparable behavior despite slight
variations due to differences in initial residual diesel saturation. All
columns exhibited a gradual increase in pressure gradient until reaching
a plateau near 1.3 PV, which corresponds to complete diesel recovery
(100 %). This plateau reflects the emulsion’s ability to efficiently
displace residual diesel without causing excessive resistance to flow,
even under differing diesel saturation conditions.

In Fig. 6, we have also compared the pressure gradients observed
during emulsion post-injection experiments after waterflooding and
direct emulsion injection (Fig. 4b). In contrast to post-injection experi-
ments, where waterflooding reduced diesel saturation prior to emulsion
application, the direct injection of the emulsion into a fully diesel-
saturated porous medium with only 17 % irreducible water saturation
(black line) exhibited a notably higher pressure gradient. The pressure
gradient for direct injection increased more sharply with PV and
remained consistently higher throughout the injection process
compared to post-injection columns. This behavior is attributed to the
higher initial diesel saturation in the direct injection scenario, which
introduces greater capillary forces, thereby requiring higher pressure to
mobilize the diesel. Although both strategies reached a plateau near 1.3
PV, the pressure gradient beyond the plateau during direct injection was
approximately 1.5 times higher than those observed in the post-injection
columns. Despite this difference, the 1.5-fold increase in the pressure
gradient remains moderate compared to other highly viscous shear-
thinning fluids.

The emulsion demonstrated exceptional diesel recovery efficiency in
1D sand-packed columns, achieving 100 % recovery within approxi-
mately 1.3 PV of injection in both direct and post-waterflooding sce-
narios. This finding suggests that, in field applications, the emulsion
could be directly injected without requiring a preliminary pump-and-
treat or waterflooding step, achieving similarly high recovery factors
with comparable PV injections. Such an approach offers significant
economic advantages by reducing the operational costs and time asso-
ciated with the pump-and-treat phase. However, it is essential to note
that these results were obtained under controlled laboratory conditions
using 1D column experiments. To ensure the feasibility and scalability of
emulsion injection in real-world remediation, further research is
required at larger scales, including 2D tanks, 3D reservoirs, and pilot-
scale systems. These investigations would provide deeper insights into
the emulsion’s performance in complex and heterogeneous environ-
ments, bridging the gap between laboratory findings and practical field
applications.

3.3.3. Influence of oil-swelling alcohol on emulsion performance in diesel
recovery

This section examines the role of oil-swelling alcohol in enhancing
the emulsion’s performance for diesel recovery. The analysis includes
effluent characterization using refractometry and an examination of the
relationship between residual NAPL saturation (S,) and the capillary
number (Ca). The influence of oil-swelling alcohol on the diesel
displacement mechanism in 1D sand-packed columns was analyzed for
both injection scenarios: direct emulsion injection and emulsion post-
injection after waterflooding. This comprehensive assessment com-
bines (a) visual tracking of the displacement front as a function of PV
and (b) effluent refractometry measurements to quantify diesel recovery
and analyze phase composition.

Fig. 7 presents the results of the direct injection of the emulsion into a
fully diesel-saturated porous medium with an irreducible water satura-
tion (Sy;) of 17 %. The photos of the column (Fig. 7a) show the stable
and uniform propagation of the emulsion front, which attributed to its
high viscosity and shear-thinning rheology. This behavior aligns with
the higher viscosity ratio (M), as described in Section 3.2, contributing
to efficient diesel displacement. Complete diesel recovery was achieved
within 1.2 PV of emulsion injection, as evidenced by the second-to-last
photo in the series.
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Fig. 7. Diesel displacement behavior in a 1D sand-pack column during direct emulsion injection: (a) visual progression as a function of PV and (b) corresponding
effluent sample analysis using a refractometer, illustrating composition and diesel recovery.
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Effluent sample analysis (Fig. 7b) complements these observations,
revealing a consistent recovery trend. The first five samples (1-5)
consist of pure diesel, effectively displaced by the viscous emulsion.
Starting from sample 6 (0.66 PV), refractometer measurements
confirmed the presence of 1-pentanol in the effluent, indicating its
partitioning into the diesel phase within the porous medium. This par-
titioning at the emulsion-diesel interface caused a swelling mechanism
that subsequently facilitated the mobilization of diesel. Notably,
although the emulsion front had not yet reached the column outlet at
0.66 PV (as shown in Fig. 7a), the early detection of 1-pentanol in the
effluent highlights its partitioning ability and transport. The swelling
mechanism enhanced diesel recovery, as shown by the gradual decrease
in diesel volume fraction (red dashed line) in the organic phase of
samples 6-11. By sample 12 (1.31 PV), the diesel volume fraction in the
effluent reached zero, confirming 100 % diesel recovery. The remaining
organic phase consisted solely of 1-pentanol, further validating the
emulsion’s efficiency to achieve complete diesel displacement. The
combination of the emulsion’s shear-thinning rheology and the swelling
mechanism induced by 1-pentanol proved highly effective in mobilizing
and recovering diesel.

Fig. 8 presents the results of emulsion post-injection after the
waterflooding process for “Column 17, as discussed in Section 3.3.2. The
results for the other three columns (Columns 2, 3, and 4) showed the
same behavior (see Supporting Data S5, Figure S. 3 and S. 4). The visual
progression of water injection as a function of PV for “Column 1” is
shown in Figure S. 3a (see Supporting Data S5), showing the gradual
displacement of diesel during waterflooding, which left behind a re-
sidual diesel saturation. Following the waterflooding phase, the emul-
sion post-injection demonstrated stable and uniform propagation
through the porous medium, as seen in the photos of Fig. 8a. This
behavior can be attributed to the emulsion’s viscosity and shear-
thinning rheology (Fig. 2), which facilitated the targeted delivery of
dispersed 1-pentanol droplets into low-permeability zones, effectively
mobilizing trapped diesel residuals. Unlike the direct injection case,
where the column was fully saturated with diesel, the initial condition
for emulsion post-injection (Column 1) corresponded to a residual diesel
saturation (S,,) of 21 % after 2 PV of waterflooding.

According to Fig. 8b the first five samples (1—5) demonstrate the
displacement of both water and pure diesel residuals, driven by the
emulsion’s high viscosity, which effectively mobilized trapped diesel.
Starting from sample 6 (after 0.55 PV of injection), refractometer
measurements confirmed the presence of 1-pentanol in the effluent,
indicating its partitioning into the diesel phase. Despite the emulsion
front not yet reaching the column outlet at 0.66 PV (see Fig. 8a), the
early detection of 1-pentanol highlights its ability to swell residual diesel
ganglia, transitioning them into a recoverable phase. This observation
aligns with the findings of [11], who reported that partitioning alcohols
swell and transition residual DNAPL droplets into a continuous phase,
making them easier to mobilize compared to disconnected residuals.

When the 1-pentanol-containing emulsion comes into contact with
residual diesel ganglia within the porous medium, it breaks down at the
interface, enabling the partitioning of 1-pentanol into the diesel phase.
This process enhances diesel recovery by initiating a swelling mecha-
nism, converting previously immobile diesel ganglia into a continuous,
mobilizable phase. As a result, complete diesel recovery (100 %) was
achieved by overcoming capillary entrapment forces within just 1.31 PV
of injection. From sample 13 onward, the diesel volume fraction (red
dashed lien) in the organic phase of the effluent samples dropped to
zero, highlighting the emulsion’s effectiveness to achieve total diesel
removal with minimal injection volumes.

Both Figs. 7 and 8 demonstrate the emulsion’s effectiveness in
achieving 100 % diesel recovery at similar PV injections, despite
different initial conditions between the two experiments. Direct injec-
tion shows higher initial efficiency due to the absence of waterflooding
step, enabling the emulsion to directly target and displace diesel from a
fully saturated porous medium. In contrast, post-injection focuses on
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mobilizing residual diesel left behind after waterflooding.

Fig. 9 shows the relationship between residual NAPL saturation (Sor)
and the capillary number (Ca) for various injection fluids tested in this
study, including waterflooding, polymer solutions, polymer-surfactant
solutions, and the emulsion. For comparative analysis, data from
recent studies by Bouzid et al. [10] and Omirbekov et al. [55] are also
included. The study by Omirbekov et al. [55] investigated the removal
of chlorinated organic hydrocarbons (DNAPL) from glass bead-packed
porous media (k = 227 ym?) using three different polymer solutions:
1 g/L xanthan gum (XG), 3 g/L guar gum (GG) and 4 g/L carboxymethyl
cellulose (CMC). Bouzid et al. [10] analyzed polymer solutions of 2 g/L
XG with and without addition of sodium dodecylbenzene sulfonate
(SDBS) surfactant at a concentration of 0.94 g/L (equivalent to 1.3 x
critical micelle concentration). Their study targeted the removal of the
same chlorinated organic hydrocarbons from a permeability-contrasted
sandbox (k; = 13 pmz; k=130 pmz).

The results of our experiments demonstrate that adding 1 g/L of XG
polymer to deionized water enhanced diesel recovery, thereby reducing
Sor by increasing the capillary number in the porous media from
6.10 x 1077 (Sor = 30.2 + 5.2 %) for water alone to 1.62 x 10™* (S, =
16.6 + 0.7 %). Increasing the XG concentration from 1 g/L to 2 g/L
further enhanced this effect, resulting in a threefold increase in Ca (from
1.62 x 10* to 4.88 x 10~ and a reduction in Sy to 11.7 + 0.6 %,
reflecting the impact of higher viscosity and improved displacement
efficiency. Incorporating 5 g/L SDS into the 1 g/L and 2 g/L XG solu-
tions further improved recovery by lowering the IFT between the
aqueous and NAPL phases. This led to increased Ca values of
1.20 x 10 %and 8.37 x 1073, respectively, and achieved even lower S,
of 12.5 £ 1.2 % and 7.1 + 0.8 %. These results align with the general
trend of decreasing S, with increasing Ca, following the power-law
relationship represented by the dashed blue line, consistent with find-
ings by [10,14,37,46,55,60,16].

However, the behavior of the emulsion containing the oil-swelling
alcohol 1-pentanol deviates significantly from the general power-law
trend followed by other fluids, including those studied by Bouzid et al.
[10] and Omirbekov et al. [55]. While these fluids rely on increasing Ca
to achieve lower S,, the emulsion achieves complete diesel recovery (S,
= 0 %) at relatively low Ca values. Specifically, the Ca for the emulsion
ranged between 1.20 x 10> and 3.53 x 102 (green circles in Fig. 9),
consistently reaching zero S, across this range. This behavior highlights
the wunique displacement dynamics of the emulsion in
NAPL-contaminated porous media, where the flow regime is neither
fully miscible nor fully immiscible. Upon contact with diesel, the
emulsion breaks down at the interface, allowing 1-pentanol droplets to
partition into the diesel phase, causing swelling (a miscible interaction)
that facilitates mobilization. Simultaneously, the viscous continuous
aqueous phase of the emulsion (1 g/L XG + 5 g/L SDS) mobilizes the
swollen diesel through immiscible displacement. This dual mechanism
of miscible swelling and immiscible displacement means that the exact
Ca cannot be represented by a single value and is instead positioned
within the specified range. The interplay between the emulsion’s
miscible and immiscible behaviors is governed by the IFT between its
continuous phase and both diesel oil and 1-pentanol (see Table 3). This
unique combination allows the emulsion to efficiently mobilize and
recover diesel, bypassing the need for higher capillary numbers.

The data from Bouzid et al. [10] and Omirbekov et al. [55] further
highlights the clear advantages of the emulsion. While Bouzid et al.’s
[10] use of 2 g/L XG + 0.94 g/L SDBS solution achieved S, as low as
6.7 £ 0.5 %, and Omirbekov et al.’s [55] higher-concentration polymers
(3 g/L GG and 4 g/L CMC) showed significant improvements in NAPL
recovery, neither approach achieved complete residual NAPL removal
(Sor = 0 %) as observed with the emulsion in this study. These findings
highlight the significant interest of the emulsion proposed in this study
compared to other shear-thinning fluids, making it a promising candi-
date for enhanced remediation strategies in complex subsurface
environments.
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Fig. 8. Diesel displacement behavior during emulsion post-injection after waterflooding for the “Column 17: (a) visual progression as a function of PV, and (b)
corresponding effluent sample analysis using a refractometer, illustrating composition and diesel recovery.
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4. Conclusions

In this study, we evaluated the performance of an alcohol-in-
biopolymer emulsion for enhanced remediation of diesel-
contaminated sandy soils. The emulsion, formulated with an aqueous
continuous phase containing 1 g/L xanthan gum (XG) biopolymer and
5 g/L sodium dodecyl sulfate (SDS) surfactant, along with an organic
dispersed phase of oil-soluble 1-pentanol in a 1:1 vol ratio, was tested in
1D sand-packed columns under direct injection and post-waterflooding
scenarios. Bulk rheological experiments and interfacial tension (IFT)
measurements provided insights into the emulsion’s flow behavior and
displacement mechanisms, while effluent refractometry highlighted the
critical role of oil-swelling 1-pentanol in enhancing remediation effi-
ciency. Hence, the key findings are summarized as follows:

e Rheological experiments confirmed that the emulsion exhibits highly
viscous, non-Newtonian shear-thinning properties, ensuring stable
and uniform propagation in porous media while efficiently deliv-
ering dispersed 1-pentanol droplets into low-permeability zones.
The emulsion achieved 100 % diesel recovery in 1D sand-packed
columns within just 1.2 PV of injection. This complete diesel re-
covery (Sor = 0) is attributed to three key mechanisms: (i) the high
viscosity and shear-thinning properties of the emulsion, ensuring
efficient displacement (as confirmed by the bulk rheological exper-
iments), (ii) the significant reduction in IFT between the aqueous and
organic phases, facilitated by the presence of SDS and 1-pentanol in
the emulsion (as verified by IFT measurements), and (iii) the com-
plete mobilization of diesel phase through the swelling mechanism
induced by 1-pentanol (as evidenced by refractometry analysis of
effluent samples).

The emulsion outperformed other non-conventional polymer-only
and polymer-surfactant solutions, achieving complete diesel recov-
ery despite viscosity differences. While 1 g/L XG and 1 g/L XG
+ 5 g/L SDS solutions achieved recovery factors of 83.4 + 0.7 % and
87.5 + 1.2 %, and more viscous solutions like 2 g/L. XG and 2 g/L XG
+ 5 g/L SDS achieved 88.3 + 0.6 % and 92.9 £ 0.8 %, respectively,
none matched the emulsion’s complete recovery efficiency.
Furthermore, the emulsion required lower pressure gradients —
approximately two times lower than the highly viscous 2 g/L XG
solution — demonstrating easier injectability with reduced energy
demands and operational complexity.

Unlike previous studies that correlate decreasing residual NAPL
saturation (S,,) with increasing capillary number (Ca), the emulsion
achieved zero S, even at low Ca. This deviation from the general
trend is attributed to the diesel swelling mechanism induced by 1-
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pentanol, which bypasses traditional capillary number constraints,
highlighting the emulsion’s unique and effective displacement
dynamics.

e The emulsion achieved 100 % diesel recovery within 1.3 PV during
post-injection after waterflooding. These experiments demonstrated
that regardless of the residual diesel saturation left after water-
flooding technique, the emulsion effectively sweeps and mobilizes all
diesel ganglia within the same injection volume. This efficiency is
also explained by the swelling mechanism, wherein 1-pentanol
partitions into residual diesel droplets, causing them to swell and
transition into a continuous phase that is more easily mobilized
compared to disconnected residuals.

These findings suggest that combining a diesel-swelling alcohol with
a shear-thinning biopolymer-surfactant solution into a single flushing
emulsion is a highly effective approach for the enhanced remediation of
diesel-contaminated soils. To further validate its practical applicability,
future large-scale studies, such as 2D and 3D tank experiments, are
essential to assess scalability and confirm its effectiveness in real-world
remediation scenarios. Such investigations will provide deeper insights
into the emulsion’s performance in complex subsurface environments,
ensuring its effectiveness beyond controlled laboratory conditions.
Additionally, key factors influencing emulsion effectiveness — including
long-term stability under varying storage durations and temperature
conditions, as well as subsurface heterogeneity characterized by clay
and organic matter content and permeability contrasts in multilayer soil
systems — should be thoroughly evaluated. Addressing these aspects
will help refine the emulsion formulation and optimize the injection
strategy for efficient and sustainable large-scale remediation
applications.

Environmental implication

Contamination of soils and aquifers by petroleum hydrocarbons
poses significant risks to environmental sustainability and public health.
This study introduces a novel emulsion as an innovative solution for the
enhanced remediation of diesel-contaminated soils. Formulated with
biodegradable and environmentally friendly components - xanthan
gum, sodium dodecyl sulfate, and 1-pentanol - the emulsion significantly
enhances diesel recovery while minimizing environmental impact. Its
shear-thinning properties ensure stable pollutant displacement, and the
oil-swelling mechanism induced by 1-pentanol facilitates complete
diesel removal. This novel approach represents a significant advance-
ment over conventional and unconventional remediation techniques,
contributing to more sustainable soil and groundwater remediation
practices.
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