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A B S T R A C T

Polymer solution injection has emerged as a promising method for the remediation of NAPL (non-aqueous phase 
liquids)-contaminated aquifers. This technique enhances recovery efficiency by modifying viscous forces, sta-
bilizing the displacement front, and minimizing channeling effects. However, there remains a significant gap in 
understanding the behavior of polymer solutions, particularly those with different molecular weights (MW), for 
mobilizing DNAPL (dense non-aqueous phase liquids) trapped in heterogeneous aquifers, especially within low- 
permeability layers. In this study, we address this gap by investigating the mobilization of DNAPL lenses confined 
by low-permeability layers through the injection of polyethylene oxide (PEO) polymers of varying MW. PEO 
solutions with MW of 5 M (million) and 8 Mg/mol displayed shear-thinning behavior for shear rates of 0.01 to 
100 s-1, while the 1 Mg/mol solution showed shear-thinning below 10 s-1 and Newtonian behavior above. PEO 
solutions in porous media exhibit Newtonian behavior at low-to-moderate shear rates for all MWs, likely due to 
confinement-limited entanglement.

Adsorption studies found non-significant PEO adsorption on soil surfaces, likely due to its large molecular size. 
Post-flushing of PEO-saturated columns with water led to notable permeability reductions attributed to viscous 
fingering. Column tests indicated a decrease of the residual DNAPL saturation with the capillary number (Ca), 
more sharply in low permeability soils.

2D cell tests identified three stages of DNAPL mobilization: initial stabilization, sharp recovery increase upon 
PEO arrival, and a final stabilization at residual saturation. The duration of each transition was found to be 
influenced by concentration. Numerical simulations accurately mirrored these stages and provided additional 
insights into PEO viscosity distribution and DNAPL mobilization patterns in heterogeneous media. The results 
highlighted that higher injection rates promote mobilization from the two low permeability layers surrounding 
the DNAPL bank from both sides and the upper zone, while lower rates mainly drive mobilization from the upper 
side. Using numerical simulations the performance of PEO injection on displacement of DNAPL in multiple lenses 
and various position of recovery points was evaluated.

1. Introduction

Chlorinated organic hydrocarbons (COHs), hazardous contaminants 
in soils and groundwater, have become widespread due to extensive use 
and improper disposal. These solvents, forming dense non-aqueous 
phase liquids (DNAPLs), are denser and only slightly soluble in water, 
allowing them to migrate to significant depths, potentially reaching 

impervious layer (Kueper et al., 2014). Initially, chlorinated solvent sites 
relied on pump-and-treat systems for remediation due to accessibility 
and ease of design. However, limitations emerged as contamination 
persisted, leading to a high cost per unit of removed contaminant 
(Kavanaugh et al., 2003). When DNAPL exists in subsurface pools, hy-
draulic displacement serves as an effective mass removal strategy for 
remediation (Alexandra et al., 2012). A key factor in developing this 
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remediation approach is considering the heterogeneity of the contami-
nation area. In contaminated heterogeneous geological formations, the 
use of shear-thinning fluids is essential to ensure that the displacing fluid 
does not bypass the targeted pollutants (Alamooti et al., 2023; Rodrí-
guez de Castro et al., 2023).

Injecting non-Newtonian fluids during in situ remediation often 
leads to an enhanced recovery of pollutants. This improvement is ach-
ieved by increasing the viscosity of the fluid, which stabilizes the 
displacement front, minimizes channeling, and assists in displacing the 
contaminants more efficiently (Martel et al., 1998). Surfactant foam, as 
a specific example, has been widely used in the remediation of 
non-aqueous phase liquid (NAPL) contaminated aquifers. This method 
has been successfully tested and documented across various experi-
mental setups, including micromodels (Jeong and Yavuz Corapcioglu, 
2003), column studies (Fitzhenry et al., 2022; Liao et al., 2021; Long-
pré-Girard et al., 2020; Maire et al., 2018a, 2015; Omirbekov et al., 
2020), 2D sandbox experiments (Longpré-Girard et al., 2016) and field 
scale applications (Hirasaki et al., 1997; Maire et al., 2018b). Although 
the surfactant foam can improve the mobilization of trapped NAPL, 
challenges arise in maintaining its stability and managing the elevated 
injection pressure (Omirbekov et al., 2020).

Heterogeneities in soils create preferential flow paths, reducing 
sweep efficiency and leaving significant non-swept areas in low- 
permeability zones (Grubb and Sitar, 1999). Viscous fingering occurs 
when a less viscous fluid displaces a more viscous resident fluid, 
destabilizing the flow. The key parameter, viscosity ratio (Mr: viscosity 
of displacing fluid/ viscosity of displaced fluid), determines sweep ef-
ficiency, with stable displacement occurring when Mr< 1 (Martel et al., 
2004). Water-soluble polymers, which are high molecular weight (MW) 
chemical agents exhibiting shear-thinning non-Newtonian behavior, can 
help mitigate fingering by increasing water viscosity, and improving 
sweep efficiency in heterogeneous soils (Martel et al., 1998). Martel 
et al. (1998) used a xanthan polymer solution for mobility control in 
NAPL-contaminated soil remediation within a multilayer system. They 
discovered that injecting the polymer solution post-surfactant alters 
mobility, enhancing it in low permeability zones. Martel et al. (2004) in 
a field scale study enhanced DNAPL displacement efficiency by sand-
wiching a micellar solution (comprising 12% Hostapur SAS surfactant, 
12% n-butanol, 19% d-limonene, and 5% toluene) between preflush and 
postflush polymer (xanthan gum) slugs. The preflush polymer limited 
mobility and surfactant adsorption, while the postflush polymer pushed 
out the washing solution and improved front stability. Robert et al. 
(2006) achieved a 0.90 remediation factor 
(

volume of DNAPL recovered
initial volume of DNAPL in porous media

)

for trichloroethylene (TCE) in a het-

erogeneous 2D sandbox by injecting a xanthan and surfactant mixture, 
effectively minimizing heterogeneity effects. Bouzid and Fatin-Rouge 
(2022) reached a remediation factor of 0.90 in 2D experiments by 
injecting a xanthan and sodium dodecyl sulfate (SDS) mixture into 
permeability-contrasted confined sandboxes with an egg-box shaped 
substratum. Alamooti et al. (2022) demonstrated, through experiments 
in a 2D sandbox of an unconfined DNAPL-saturated medium followed by 
numerical analysis, the critical need to counteract gravity forces during 
DNAPL displacement using a densified polymer suspension (Carbox-
ymethyl cellulose as polymer and barite powder as densifier). In a 
follow-up experimental and numerical study, Alamooti et al. (2024a)
investigated the performance of the injection of a densified polymer 
brine solution (xanthan as the polymer and NaI as water-soluble den-
sifier)in both single-layer unconfined and multilayer confined 2D 
sandboxes, highlighting the importance of maintaining a near-zero 
gravity number to prevent density-driven flow issues. Omirbekov et al. 
(2023) explored the efficiency of injection of densified polymer sus-
pension on displacement of DNAPL using column experiments. Alamooti 
et al. (2023) highlighted the performance of injecting a xanthan and 
SDBS (sodium dodecylbenzene sulfonate) surfactant solution in a 
multilayer DNAPL-saturated aquifer sandbox through both 

experimental and numerical approaches. Moreover, Alamooti et al. 
(2024b) evaluated the effectiveness of post-injection treatments using 
an alcohol-surfactant-polymer mixture in a multilayer system to reduce 
DNAPL residual saturation in a multilayer aquifer. However, none of the 
studies addressed scenarios involving complex topologies where a 
DNAPL lens is sandwiched by low permeability layers. The behavior of 
polymers in complex geometries (like DNAPL lens is sandwiched by low 
permeability layers) has not been thoroughly studied in the literature. 
Such configurations represent a common DNAPL trapping mechanism in 
real-world situations (like paleo-channels at the interface between the 
aquifer and the aquitard), where pollutant transport through the sub-
surface stops upon encountering impermeable or low permeability 
barriers, unable to proceed due to the high threshold pressure required 
for penetration into these layers (Kueper et al., 2014).

PEO, a widely employed polymer consisting of ethylene oxide 
monomers, has a flexible random coil configuration and is commercially 
available in a wide range of MWs. It has been extensively used in 
enhanced oil recovery (EOR) industry (Gleasure and Phillips, 1990; 
Mejía et al., 2022; Trine et al., 2022). PEO’s low toxicity and the 
abundance of ethylene oxide contribute to its popularity in common 
products like skin creams and toothpaste (Smyth Jr et al., 1970). PEO is 
a biodegradable, and biocompatible polymer, though its biodegrad-
ability depends on its molecular weight (Lei et al., 2022; Silva et al., 
2018). After flushing the contaminated zone, the polymer can be further 
reduced by over-flushing with water to minimize its presence in the 
subsurface (Martel et al., 2004). Any residual polymer left in the soil can 
then undergo natural attenuation processes, facilitating gradual 
biodegradation. PEO, like other non-Newtonian polymers commonly 
used in soil remediation (e.g., xanthan gum and carboxymethyl cellu-
lose), demonstrates shear-thinning behavior. However, unlike these 
biopolymers, PEO is available in a broader range of molecular weights, 
with its non-Newtonian properties influenced by both molecular weight 
and polymer concentration (Trine et al., 2022). Compared to xanthan, 
PEO requires higher concentrations to form thick solutions or gels 
(Basavaraju et al., 2007). Notably, to the best of our knowledge, PEO has 
yet to be utilized in soil remediation fields, where its shear-thinning 
behavior and environmentally friendly nature make it a promising 
candidate (Ebagninin et al., 2009).

In the framework of the PAPIRUS project, the remediation of a 
strongly heterogeneous aquifer contaminated with DNAPL is being 
studied through the injection of a polymer solution. The contaminated 
aquifer at the Tavaux site lies above a heterogeneous, undulating sub-
stratum with several paleo-channels. The main aim of this study is to 
explore the effect of injecting PEO solutions of varying MWs on the 
mobilization of DNAPL trapped by low permeable layers. Initially, we 
conducted a rheological analysis of PEO solutions across a range of MWs 
and concentrations. Subsequently, single-phase flow column experi-
ments were undertaken to examine the adsorption of these solutions 
onto the soil particles’ surfaces and to determine their apparent viscosity 
within porous media. Multiphase flow experiments in columns aimed to 
understand the performance of PEO solutions in displacing DNAPL in 
soils of differing permeabilities. Additionally, 2D cell experiments were 
conducted to closely mimic the conditions of real polluted sites and 
assess the performance of PEO solutions in mobilizing DNAPL. Specif-
ically, we focused on the trapping of DNAPL in a highly permeable 
aquifer, surrounded by low-permeability layers, which closely replicates 
conditions at the Tavaux site. While the experimental model may seem 
idealized, it intentionally focuses on worst-case conditions where 
DNAPL is confined by low-permeability layers, which is a key aspect in 
challenging remediation efforts. A numerical model, integrating conti-
nuity and a generalized form of Darcy’s law, was developed, and vali-
dated using experimental outcomes to simulate various injection 
scenarios.

The specific goals of this research include: (i) analyzing the rheo-
logical properties of PEO solutions with distinct MWs; (ii) comparing the 
efficiency of injecting PEO solutions with varying their MWs, 
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concentrations, and densities, and injection velocities in mobilizing 
DNAPL trapped in a high permeable lens confined by two low permeable 
layers on each side; and (iii) employing multiphase flow modeling to 
have better insight into mechanisms of displacement, and to map the 
viscosity distribution within the porous media.

2. Materials and methods

2.1. Experimental materials

The porous media for these experiments consisted of packed beds of 
quartz sand, selected for its various particle-size fractions to represent 
different aquifer permeabilities. Specifically, we used fractions of 
0.1–0.35 mm and 0.4–1 mm, corresponding to absolute permeabilities 
of 29±2 and 199±15 Darcy, respectively. The porosities for packing of 
fine and coarse sand have been found to be 0.33±0.01 and 0.35±0.01, 
respectively. Each sand fraction was sieved, washed with deionized 
water, and oven-dried at 105 ◦C for 10 h to ensure uniformity and 
remove impurities.

The multicomponent DNAPL chosen for this study was sourced from 
a contaminated site in Tavaux, France, with a composition primarily of 
hexachlorobutadiene (HCBD, 58%), hexachloroethane (HCA, 14%), 
penta-chlorobenzene (3.5%), and carbon tetrachloride (4%) 
(Colombano et al., 2021, 2020). This DNAPL mixture, exhibited a den-
sity of 1.66 g/mL and a viscosity of 4.47 mPa.s. Poly(oxyethylene) 
(POE), with the chemical formula C2nH4n+2On+1, was used as a 
water-soluble polymer in this study. It was selected in three different 
MWs of 1 million 1 M, 5 M, and 8 Mg/mol.

The POE for all specified MWs was purchased from Sigma-Aldrich. 
To analyze the rheological behavior of polymer solutions, we 
employed a Haake Mars 60 rotational rheometer with a cone-plate ge-
ometry. Additionally, the interfacial tension (IFT) between the polymer 
solutions and DNAPL was determined using a drop shape analyzer 

apparatus (DSA-100, KRUSS) via the pendant drop method at an 
ambient temperature of 22 ± 1 ◦C. The total organic carbon (TOC) 
concentration in the effluent was quantified using a Shimadzu TOC 
analyzer, facilitating the determination of the polymer solution 
concentration.

2.2. Batch experiments (adsorption tests)

Batch experiments were conducted to examine the adsorption dy-
namics of PEO on sand surfaces. These experiments involved the prep-
aration of 20 mL PEO solutions with concentration of 5 g/L using 
deionized water, which were then mixed with 10 g of fine sand in 50 mL 
polyethylene flasks. To ensure thorough mixing, a Gerhardt® LaboShake 
shaker was employed at 120 RPM, agitating the mixtures for various 
durations: 30 min, 2 h, 4 h, 12 h, 24 h, 48 h, and 72 h. Following 
agitation, the mixtures were centrifuged using a Sigma 3–30ks centri-
fuge at 10,000 RPM and 20 ◦C for 10 min to facilitate the separation of 
the sand from the polymer solution. The concentration of PEO in the 
supernatant was then quantified using a TOC analyzer to assess the 
extent of polymer adsorption onto the sand.

2.3. 1D column and 2D aquifer cell experiments

Each glass column, measuring 4 cm in diameter and 30 cm in length 
was packed with uniform sand. The preparation phase involved CO2 
flushing to remove trapped air, followed by saturation with degassed 
deionized water, ensuring consistent initial conditions for subsequent 
DNAPL and PEO solution injections. For the multiphase flow experi-
ments, DNAPL was vertically injected from the bottom at a flow rate of 1 
mL/min until residual water saturation was achieved, followed by a 
rotation and horizontal injection of PEO solutions with MWs of 1, 5, and 
8 Mg/mol to assess their impact on DNAPL displacement. Effluent 
samples were collected in 15 mL propylene tubes, and both inlet and 

Fig. 1. Schematic of polymer-DNAPL displacement experimental setup: (a) 1D column setup, and (b) confined heterogeneous 2D aquifer cell.
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outlet pressures were monitored using a pressure transducer (KELLER 
PR33X). In single-phase flow experiments, which were carried out for 
analysis of rheological behavior and transport of PEO polymers, PEO 
solutions with concentration of 5 g/L or a tracer (NaI solution with 
concentration of 4 g/L) were introduced into a fully water-saturated 
sand pack at a flow rate of 1 mL/min, and effluent samples were 
collected accordingly. The schematic of 1D column experimental setup 
is presented in Fig. 1a. Descriptive parameters for each experiment are 
detailed in Table 1. The concentration of PEO solutions used in the 
column experiments was set at 5 g/L to ensure stable flow, following 
Lenormand’s criteria (Lenormand et al., 1988). This concentration also 
allowed for consistent comparison across different experimental cases.

A confined 2D aquifer cell, featuring dimensions of 15 cm × 10 cm ×
2 cm with glass fronts for imaging, served as the experimental setup to 
assess the performance of injecting dyed PEO solutions into a hetero-
geneous system (Fig. 1b). The aquifer cell incorporated two low- 
permeability layers inclined at 35◦ at the bottom, sandwiching a high- 
permeability layer. The 3-layer structure is surrounded by a high 
permeable sand pack. The system was filled with sand under water, and 
DNAPL was introduced into the inclined high-permeability layer via the 
central port at the aquifer cell’s bottom. Subsequently, PEO solutions 
were injected into the system through three ports on the left, while 
DNAPL recovery took place through the port on the right bottom.

Various experimental injection scenarios were designed, encom-
passing the injection of PEO solutions with MWs of 1, 5, and 8 Mg/mol at 
a concentration of 5 g/L, with an injection rate of 3 × 0.33 mL/min. 
Additionally, injections included PEO solutions with MWs of 5 Mg/mol 
at concentrations of 1 g/L, 5 g/L, and 15 g/L, with an injection rate of 3 
× 0.33 mL/min. Further variations involved injections of PEO solutions 
with MWs of 5 Mg/mol at injection rates of 3 × 0.166, 3 × 0.33, and 3 ×
0.66 mL/min, and injections of PEO solutions with MWs of 5 Mg/mol at 
injection rates of 3 × 0.33 mL/min. Descriptive parameters for each 
experiment are detailed in Table 1.

2.4. Numerical model

Generalized Darcy’s law, combined with the mass conservation of 
each phase, can characterize multiphase flow in porous media at low 
Reynolds numbers (Bear, 2013): 

∂
∂t

(∅ρiSi) + ∇⋅(ρiui) = 0 with i = w, nw (1) 

ui = −
k kri

μi
(∇pi − ρig) (2) 

The subscripts "w" and "nw" correspond to the wetting and non- 
wetting phases, respectively. Porosity is denoted by the symbol ∅ (-), 
time by t (s), and the density, saturation, and Darcy velocity of phase i 
are represented by ρi(kg /m3), Si (-) and ui (m/s) respectively. Addi-
tionally, k (m2) signifies the scalar absolute permeability of the isotropic 
porous medium, and kri (-) represents the relative permeability for phase 
i. The viscosity and pressure of phase i are indicated by μi (Pa s) and pi 
(Pa) respectively, while the gravity vector is denoted by g (m/s2).

The sum of the saturations is equal to one (Sw + Sinw = 1), and the 
capillary pressure, pc (Pa), is the pressure difference between non- 
wetting and wetting phases: 

pc(Sw) = pnw − pw (3) 

The capillary pressure, and the relative permeability curves within 
the model are depicted using Brooks and Corey functions (Brooks and 
Corey, 1964): 

pc = pe

(
Sw − Swr

1 − Snwr − Swr

)− 1
λ

(4) 

krw = krw
max

(
Sw − Swr

1 − Snwr − Swr

)ϵw

(5) 

krnw = krnw
max

(
Snw − Snwr

1 − Snwr − Swr

)ϵnw

(6) 

The model incorporates λ (-) to represent the index of pore size 
distribution, with pe symbolizing the entry pressure (Pa). The maximum 
relative permeability, or end points, for the wetting and non-wetting 
phases are denoted by krw

max and krnw
max, respectively. Saturation ex-

ponents for the wetting and non-wetting phases are indicated by ϵw and 
ϵnw, respectively. Furthermore, Swr (-) and Snwr (-) are used to represent 
the irreducible saturation for the wetting phase and the residual satu-
ration for the non-wetting phase, respectively.

The advection-dispersion-reaction (ADR) equation describes the 
transport and fate of a solute, here the polymer, in a flowing fluid me-
dium which is the wetting phase in this work: 

∂(∅Swci)

∂t⏟̅̅̅̅̅⏞⏞̅̅̅̅̅⏟
Accumulation

= − ∇.
(
Jadv + Jdisp

)
+ Ri (7) 

Table 1 
Parameters used in displacement experiments.

Setup configuration (1D, 2D) Concentration of PEO (g/L) MW of PEO (Mg/mol) Injection rate 
(mL/min)

Displaced phase Sand Permeability 
(10–10 m2)

1D column (D 4 × L 30) 5 1 1 Water 1.99
5 5 1 water 1.99
5 8 1 water 1.99
5 1 1 Water 0.29
5 5 1 water 0.29
5 8 1 water 0.29
5 1 1 DNAPL 1.99
5 5 1 DNAPL 1.99
5 8 1 DNAPL 1.99
5 1 1 DNAPL 0.29
5 5 1 DNAPL 0.29
5 8 1 DNAPL 0.29

2D aquifer cell (L 15 × H10 × W 2) 5 1 3 × 0.33 DNAPL/ water Heterogeneous
5 5 3 × 0.33 DNAPL/ water Heterogeneous
5 8 3 × 0.33 DNAPL/ water Heterogeneous
10 5 3 × 0.33 DNAPL/ water Heterogeneous
1 5 3 × 0.33 DNAPL/ water Heterogeneous
5 5 3 × 0.66 DNAPL/ water Heterogeneous
5 5 3 × 0.166 DNAPL/ water Heterogeneous
5 5 3 × 0.33 DNAPL/ water Heterogeneous
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where the concentration of the i-component (kg/m3) is represented by ci, 
the reaction term for the i-component is indicated by Ri and Jadv and Jdisp 
are advective and dispersive flux respectively: 

Jadv = uw.ci (8) 

Jdisp = − D.∇ci (9) 

Where D is the dispersion tensor and for two-dimensional systems 
can be expressed as (Bear, 2013): 

D =
(
∝T |uw| +Deff

)
I + (∝L − ∝T)

uwxuwy

|uw|
(10) 

Deff =
D0

τ (11) 

where I denotes the identity matrix, while, uwx and uwy represent the 
wetting-phase velocity’s longitudinal and transverse components, 
respectively. The terms ∝L and ∝T refer to the longitudinal and trans-
verse dispersivities (m), respectively. The molecular diffusion coeffi-
cient is denoted by D0 (m2/s), and τ signifies the tortuosity.

The simulation domain was discretized into 5141 triangular meshes. 
Eqs. (1) to (11) are discretized and simulated using COMSOL Multi-
physics® with a MUMPS solver and quadratic interpolation for pressure. 
Table 2 details the key parameters such as relative permeability, and 
capillary pressure, obtained from inverse modeling of two-phase flow in 
a 2D aquifer cell. Their curves are demonstrated in Figure S1.

The maximum element growth rate was set to 1.2, with element sizes 
ranging from 0.00127 cm to 0.34 cm. A backward differentiation for-
mula (BDF) was employed for time-stepping with a free time-stepping 
option. The boundary and initial conditions for the 2D aquifer cell, are 
shown in Fig. 2. To capture the effects of heterogeneity in the numerical 
model, two distinct homogeneous, isotropic, water-wet zones were 
defined: a high-permeability zone where DNAPL accumulates, and low- 
permeability layers that sandwich it. Each zone was assigned unique 
hydrogeological and flow properties, including permeability, porosity, 
relative permeability, and capillary pressures. These properties influ-
ence transport and flow within the heterogeneous system, as the low- 
permeability layers act as barriers, resisting flow and affecting DNAPL 
distribution.

3. Results and discussions

3.1. Rheological analysis at bulk and porous media

Fig. 3a illustrates the rheological characteristics of PEO solutions 

with MWs of 1, 5, and 8 Mg/mol, at concentrations of 5 and 10 g/L. 
These experiments have been triplicated, and error bars are calculated 
by determining the mean (average) of the data points and the standard 
deviation. The rheological behavior of PEO solution was described 
through the Cross fluid model (Cross, 1965) expressed as: 

μ = μinf +

(
μ0 − μinf

)

(1 + (χγ̇)l
)

(12) 

where, the viscosities (Pa.s) at zero and infinite shear rate are denoted as 
μ0 and μinf , χ is the time constant (s), and l (-) is the power index. The 
parameters of Cross model for PEO solutions are shown in Table S1. 
Furthermore, Figure S2 depicts the rheological behavior of each MW 
individually (1, 5, and 8 Mg/mol) at different concentrations. Addi-
tionally, Fig. 3b overlays various viscosity-shear rate curves onto a 

master curve, achieved by plotting 
(

μ − μinf

)
/
(

μ0 − μinf

)
as a function of 

the dimensionless shear rate (χγ̇)l, utilizing parameters derived from the 
Cross model.

PEO solutions exhibit shear thinning due to less entanglement be-
tween polymer chains at higher shear rates. Lower MW PEO (1 Mg/mol) 
has fewer entanglements, leading to near-Newtonian behavior 
(Ebagninin et al., 2009). Similar to higher concentrations, higher MWs 
of PEO solutions (5 and 8 Mg/mol) form denser entanglement networks, 
resulting in higher viscosities. At low shear rates, these entanglements 
restrict chain movement, mimicking constant viscosity. As shear rate 
increases, the applied stress disrupts entanglements, allowing chain 
alignment and shear thinning behavior (Bahlouli et al., 2013; Ebagninin 
et al., 2009).

Through 1D column experiments, the apparent viscosity of 5 g/L 
PEO solutions in soils with two different permeabilities were investi-
gated. The apparent shear rate within porous media at the Darcy scale 
can be described using the Darcy velocity as (Darby et al., 2017): 

γ̇app =

̅̅̅̅̅̅
2

ϕk

√

u (13) 

The resulting viscosity curves in porous media compared to those in 
bulk (fitted by Cross model) are shown in Fig. 4. Compared to bulk 
viscosity, a decrease in apparent viscosity was observed for higher MWs 
(5 & 8 Mg/mol). This reduction was more pronounced in the lower 
permeability media due to the depleted layer concept (Chauveteau and 
Zaitoun, 1981). Steric hindrance restricts the larger PEO molecules from 
approaching the pore walls, creating a thin depleted layer devoid of 
polymer molecules. This layer leads to a lower effective viscosity 
experienced by the flowing solution. The smaller pore size in the lower 
permeability media amplifies this effect. As the shear rate increases, the 
PEO molecules align with the flow direction, diminishing the difference 
between the apparent and bulk viscosity (Chauveteau and Zaitoun, 
1981). The lower molecular weight PEO (1 Mg/mol) exhibited similar 
behavior in both media due to its smaller molecular size, allowing for 
unhindered movement within the pores and minimal impact on 
viscosity.

3.2. PEO adsorption on soil particles

The process of measuring batch adsorption entails to put in contact 
soil particles with a polymer solution. The level of adsorption is quan-
tified by comparing the polymer concentration before and after its 

Table 2 
Relative permeability and capillary pressure parameters obtained by inverse modeling and mean average error of experimental and numerical data for 2D aquifer cell.

Soil krw
max krnw

max ϵw ϵnw λ pe (Pa) Swr Snwr MAE (Mean Absolute Error)

Low permeable 0.55 0.25 2 2.5 2 350 0.11 0.15 0.15
High permeable 0.6 0.4 2 2.6 2 200 0.09 0.07

Fig. 2. Schematic of boundary and initial conditions for numerical simulations 
in 2D aquifer cell, 1 ml/min divide in 3 making 0.33 Ml/min for each port.
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interaction with the soil particles. The batch experiments described in 
the previous section were conducted to evaluate the static adsorption of 
PEO on sand. Across all tested MWs and at a concentration of 5 g/L, 
there was no significant adsorption observed on the soil particles, as 
determined by TOC analysis, with a detection limit of 0.5%.

Column single-phase flow experiments were carried out to investi-
gate adsorption under dynamic flow conditions. The findings, illustrated 
in Fig. 5, indicate that, similar to batch experiments, PEO particles do 
not significantly adsorb onto soil. This is evidenced by the breakthrough 
curves for both tracer and polymer solutions being similar, with 
breakthrough occurring approximately at 1 pore volumes injected (PV). 
PEO, being a neutral polymer (Mesbah et al., 2014) has minimized 
electrostatic interaction with negatively charged soil particles, and due 

to the mineral nature of the soil, no significant hydrophobic interactions 
are expected. Additionally, PEO’s large molecular size (Saigal et al., 
2013) results in steric hindrance, which prevents close proximity to the 
pore walls. This creates a concentration gradient, with zero concentra-
tion at the pore walls and bulk concentration at a distance roughly 
equivalent to the polymer’s macromolecular half-length. The steeper 
breakthrough of the PEO solutions (compared to the tracer) observed in 
Fig. 5 can be attributed to this steric hindrance, as larger molecules are 
less able to penetrate small pore spaces, leading to earlier appearance in 
the effluent. Furthermore, the high viscosity of the PEO solution 
compared to the tracer contributes to a more piston-like displacement, 
which explains the sharper breakthrough curve. It is important to note 
that these results are specific to the sandy soil used in this study, and 

Fig. 3. Rheological behavior of PEO solutions with MWs of 1, 5 and 8 Mg/mol, (a) viscosity as a function of shear rate for concentrations of 5 and 10 g/L, (b) 

viscosity 
(

μ − μinf

)
/
(

μ0 − μinf

)
as a function of the dimensionless shear rate (χγ̇)l

.
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Fig. 4. Apparent viscosity of PEO solutions with different MWs at fixed concentration of 5 g/L in two different permeable porous media compared to the Cross model 
of their bulk viscosities.

Fig. 5. Breakthrough curves for tracer, and PEO solutions in 1D columns. (a) Low permeable sand, and (b) High permeable sand.

Fig. 6. Displacement of DNAPL in 1D column by PEO solutions: (a) remediation factor, (b) Residual DNAPL saturation versus capillary number.
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further analysis is needed for soils containing other components, such as 
clay or organic matter.

However, the post-flushing of the polymer saturated columns by 
water shows a significant water permeability reduction for different 
MWs. For a highly permeable layer, the decrease in permeability is 
approximately 41%, 77%, and 79% for MWs of 1, 5, and 8 Mg/mol, 
respectively. In the case of a low permeability layer, the reduction in 
permeability is around 33%, 66%, and 71% for MWs of 1, 5, and 8 Mg/ 
mol, respectively. These reductions in permeability can be attributed to 
the viscous fingering created by unfavorable mobility ratio during the 
water injection to flush the polymer solution in porous media. The 

viscous PEO solution is partially bypassed in porous media and the final 
permeability is reduced. As the molecular weight increases, so does the 
viscosity, potentially leading to a greater degree of bypassing and 
consequently a more pronounced reduction in permeability.

3.3. Two-phase flow in 1D column

Fig. 6a shows the remediation factor and residual DNAPL saturation 
as a function of pore volumes injected (PV) into DNAPL-saturated col-
umns for different PEO solutions with MWs of 1, 5, and 8 Mg/mol, and a 
fixed concentration of 5 g/L . The remediation factor increases with the 

Fig. 7. Dynamics of displacement of DNAPL in a high permeable layer sandwiched by two low permeable layers by injection of PEO solutions with different MWs, 
apparent viscosities of 0.012, 0.16, and 0.21 Pa.s and capillary numbers of 7.72 × 10–6, 1.04 × 10–4, 1.3 × 10–4 for 1, 5 and 8 Mg/mol respectively at a fixed 
concentration of 5 g/L, colors are green: PEO, grey: water; black: DNAPL.
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increasing number of pore volumes injected for all PEO solutions. PEO 
solutions with higher MWs (8 and 5 Mg/mol) show a greater remedia-
tion factor (around 0.1 more) compared to those with lower MW (1 Mg/ 
mol).

The capillary number used to evaluate the performance of DNAPL 
production during the injection of the polymer solutions was calculated 
as (Chatzis and Morrow, 1984): 

Nca =
k
σ

Δp
L

(14) 

where Δp is the pressure difference along the column when the steady- 
state conditions has been achieved, L is the length of column σ (N/m) is 
the interfacial tension (IFT) between the DNAPL and solutions. The IFT 
between the PEO solutions and DNAPL was found around 12.95±0.05 
13.39±0.05 and 13.62±0.05 mN/m, for MWs of 1, 5, and 8 Mg/mol, 
respectively. The Fig. 6b presents capillary de-saturation curves for high 
and low permeable soils. The residual DNAPL saturation decreases with 
increasing capillary number for both low and high permeability soils.

3.4. DNAPL lens mobilization

Fig. 7 illustrates the dynamics of DNAPL mobilization from the 
highly permeable layer, sandwiched by lower permeability layers, upon 
the injection of PEO solutions of varying MWs at a fixed concentration of 
5 g/L at different stages of injection (number of PVs injected). Initially, 
the injection of PEO solutions traverses the left less permeable layer and 
then causes DNAPL to migrate through the right less permeable layer 
due to the pressure drop near the recovery point. This flow stops once 
water from the surrounding area above the DNAPL zone (shown by an 
arrow in Fig. 7 at 0.4 PV) enters the low permeability layer. When the 
PEO solution (green in the figure) reaches the DNAPL zone (approxi-
mately at 0.9 PV), it displaces the entrapped DNAPL. Until this point, the 
displacement pattern remains consistent across different MWs. Howev-
er, subsequent injection reveals that lower MW PEO (1 Mg/mol) leaves 
behind more DNAPL in the high permeability layer as it channels 
through the less permeable layers. In contrast, for higher MWs the 
viscous PEO solutions push out the remaining DNAPL more effectively.

This observation is further supported by the recovery curves (Fig. 8), 
which exhibit two distinct plateau phases. The initial plateau signifies 
the cessation of DNAPL recovery, attributed to the channeling of sur-
rounding water through the low permeable layer following the natural 

mobilization of DNAPL near the recovery point at the onset of injection. 
Subsequently, a rapid increase in remediation factor is observed, cor-
responding to the mobilization of DNAPL facilitated by the further in-
vasion of PEO solutions into the contaminated zone. This increase in 
remediation factor stabilizes and reaches a secondary plateau for higher 
MW PEO solutions. However, in the case of 1 Mg/mol PEO, the increase 
in remediation factor is more gradual, and a secondary plateau is not 
achieved during the injection period of the experiment. The gradual 
increase in remediation recovery, along with the lower final recovery, is 
primarily due to the more favorable mobility ratio achieved with higher 
MW PEO compared to the 1 Mg/mol PEO.

3.5. Effect of concentration and injection rate

In two additional experimental series, the impacts of varying the 
concentration and the injection rate of 5 Mg/mol PEO were explored in 
the 2D cell. Fig. 9a presents the recovery curves for different concen-
trations of 5 Mg/mol PEO, indicating that alterations in concen-
tration—which correlate to the viscosity of the PEO solutions (see Fig. 3) 
—do not affect the flow pattern up to the end of the initial plateau phase. 
This phase corresponds to a halt in DNAPL displacement, initially 
prompted by minor mobilization, followed by the channeling of the 
surrounding water. Nonetheless, upon the PEO solutions reaching the 
DNAPL zone, variations in DNAPL mobilization become apparent. 
Notably, a decrease in PEO concentration results in an extended tran-
sition zone between the two plateau phases, shown by arrows in Fig. 9a. 
This observation parallels the earlier analysis regarding the injection of 
PEO solutions with different MWs, where the mobility ratio, i.e., the 
viscosity variations in PEO solutions according to their concentrations, 
plays a significant role. The final remediation factor was 0.63 for a 
concentration of 2 g/L, whereas it was approximately 0.8 and 0.82 for 
concentrations of 5 g/L and 10 g/L, respectively, showing close values 
for the latter two concentrations.

Fig. 9b displays the recovery curves for injecting 5 Mg/mol PEO 
solutions at a concentration of 5 g/L and varying injection rates of 0.5, 1, 
and 4 mL/min, delivered equally through the three left ports of the 2D 
aquifer cell. The initial phase, typically marked by a plateau in recovery 
observed in previous experiments, shows slight differences. More pre-
cisely, DNAPL movement was gradually stabilized after the initial 
mobilization phase with the commencement of PEO injection at rates of 
0.5 and 4 mL/min. Figure S3 illustrates the displacement patterns at 

Fig. 8. Remediation factor curves for injection of PEO solutions at fixed concentration of 5 g/L with various MWs, apparent viscosities of 0.012, 0.16, and 0.21 Pa.s 
and capillary numbers of 7.72 × 10–6, 1.04 × 10–4, 1.3 × 10–4 for 1, 5 and 8 Mg/mol respectively into a 2D system composed of a DNAPL saturated high permeable 
soil sandwiched by two low permeable layers.
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different injection rates for 0.9 and 1.1 PVs, demonstrating that at higher 
injection rates, the PEO solution quickly mobilizes trapped DNAPL as 
soon as the left low-permeability layer is saturated with the polymer 
solution. Conversely, at lower injection rates, DNAPL mobilization 
beyond the initial phase only proceeds once both the upper high- 
permeability layer and the left low-permeability layer are saturated 
with the PEO solution. This pattern persists into later stages, with 
DNAPL being displaced more efficiently at the highest injection rate 
from the left section. This effect can be attributed to the greater pressure 
drop applied to the trapped DNAPL at higher injection rates, where 
viscous forces become more significant compared to capillary and 
gravity forces. At lower injection rates, the viscous forces are insuffi-
ciently strong to counteract the capillary forces. Simultaneously, the 
density difference between the polymer solution and DNAPL causes the 
PEO solution to occupy the upper parts of the DNAPL zone, with DNAPL 
mobilization resuming only after the upper region is completely satu-
rated with the polymer solution.

3.6. Simulation of DNAPL mobilization and validation with experiments

To gain a deeper insight into the mechanisms governing DNAPL 
displacement and to characterize key parameters such as the apparent 
viscosity distribution of PEO solutions in heterogeneous porous media, 
numerical simulations were conducted. The results depicted in Fig. 10a 
demonstrate that the numerical model effectively replicates the exper-
imental outcomes of PEO 5 Mg/mol injection at a concentration of 5 g/L 
and an injection rate of 1 mL/min. Furthermore, Fig. 10b presents a 
comparison of remediation factor curves between the experiment and 
numerical simulation. The distribution of PEO solution viscosity, 
modeled as a non-Newtonian fluid within the 2D aquifer cell, is illus-
trated in Figure S4. Notably, the viscosity of PEO is shown to be 
dependent on pressure drop, a relationship established through single- 
phase flow column experiments. Consequently, heterogeneities and 
distance from the injection point exert significant influence on viscosity. 
Specifically, lower permeability results in higher pressure drop and 

Fig. 9. Remediation factor curves for injection of PEO solutions with MW of 5 Mg/mol and with different (a) concentrations (arrows show extended transition zone 
between the two plateau phases), and (b) injection rates with apparent viscosities of 0.173, 0.167 and 0.132 Pa.s and capillary numbers of 5.38 × 10–5, 1.04 × 10–4, 
3.28 × 10–4 for injection rates of 0.5, 1 and 4 mL/min.
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consequently lower apparent PEO viscosity. Figure S5 compares the 
propagation of the polymer solution in the aquifer cell from both 
experimental and numerical simulations, demonstrating strong agree-
ment between them.

To assess the impact of the recovery point location on DNAPL 
mobilization, an additional set of numerical simulations was conducted 
with PEO injection at a rate of 3 × 0.33 mL/min, using PEO with a 
molecular weight of 5 Mg/mol. The recovery point was positioned 
adjacent to the high-permeability, DNAPL-saturated soil, as shown in 

Figure S6a. As it can be seen in Figure S6b, shifting the recovery point 
position had a minor effect on the overall DNAPL mobilization pattern: 
rather than being displaced downward, the DNAPL shifted horizontally 
and upward as the PEO solution advanced toward the recovery point. 
Nonetheless, regardless of recovery point placement, the polymer in-
jection effectively displaced DNAPL from the contaminated zone.

Experimental studies in the 2D aquifer cell have shown that at the 
highest injection rate, the DNAPL bank began to mobilize from both the 
upper side and the left side adjacent to the left low permeable layer. 

Fig. 10. Comparison between the numerical and experimental results of DNAPL displacement by PEO 5 Mg/mol and injection rate of in a 2D system, (a) 
displacement pattern in which first row shows experimental results and second row the simulation results, and (b) remediation factor obtained from experiments and 
simulations.
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Numerical simulations were carried out at two different injection rates: 
1 mL/min and 4 mL/min. The velocity field within the DNAPL-saturated 
zone at 0.6 pore volumes (PV) is illustrated in Fig. 11 with arrows 
proportional to the velocity magnitude. This visualization indicates that 
at the higher injection rate (4 mL/min, shown in 11a), flow occurs 
adjacent to both the left low permeable layer and the upper side of the 
DNAPL zone. In contrast, at the lower injection rate (1 mL/min, shown 
in 11b), flow predominantly occurs from the upper side, with limited 
flow from the left side.

3.7. Assessment of PEO injection on DNAPL mobilization in complex 
geological structure

In subsurface environments, DNAPL spatial distribution is described 
as the DNAPL source zone architecture, which depends on multiple 
parameters, including water-DNAPL interfacial tension, wettability, 
DNAPL density, geological structure and permeability, groundwater 

velocity, spill volume, and duration (Kueper et al., 2014). Among these 
factors, the geological structure and permeability distribution play a 
significant role in DNAPL accumulation within the soil. To better un-
derstand PEO injection’s efficiency in mobilizing DNAPL, a numerical 
simulation was conducted using a more complex geological model with 
multiple DNAPL lenses distributed in an aquifer, as illustrated in Fig. 12.

The scenario simulated involves an injection rate of 3 × 0.33 mL/ 
min, with a PEO solution of 5 Mg/mol MW at a concentration of 5 g/L. 
The results in Fig. 13(a-c) show that the DNAPL in the upper lens is 
mobilized only once the polymer solution reaches this contaminated 
area, after which it starts to mobilize downward toward the lower 
DNAPL lens due to gravity. In contrast, in this stage DNAPL in the lower 
lens undergoes limited mobilization because of preferential channeling 
of surrounding water, as this zone is near the recovery point. By the end 
of the displacement process, DNAPL in both zones is effectively dis-
placed, however, in the upper lens it has partially penetrated the adja-
cent low-permeability zone, due to the flow direction toward the 

Fig. 11. Velocity field inside DNAPL saturated zone at 0.6 PV with injection rates of (a) 4 mL/min and (b) 1 mL/min.

Fig. 12. Initial condition considered for the numerical simulation on complex DNAPL source zone architecture composed of multiple DNAPL lenses.
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Fig. 13. DNAPL displacement pattern by injection of PEO at injection rate of 3 × 0.33 mL/min, MW of 5 Mg/mol and at a concentration of 5 g/L in a complex multiple-lense system. (a) initial condition, (b) 30 min, (c) 
60 min, (d) 90 min, (e) 120 min and (f) 200 min.

A
. A

lam
ooti et al.                                                                                                                                                                                                                               

W
ater Research 273 (2025) 122952 

13 



recovery point.

3.8. Implication of polymer injection at field scale

For the application of polymer injection in real-field remediation, 
several factors need to be considered for effective design and imple-
mentation. One of the primary concerns is optimizing the radius of in-
fluence of the polymer in the subsurface. This can be achieved through 
careful placement of both injection and recovery wells, considering their 
location and depth at the contaminated site (Giraud et al., 2018; Martel 
et al., 2004). The rates of injection and recovery also play a critical role, 
as they directly influence the radius of influence and control the flow 
patterns in the polluted zone. Given the shear-thinning behavior of 
polymers, continuous optimization of polymer concentration and poly-
mer type are necessary to prevent blockages and maximize the radius of 
influence. Additionally, if the contamination is in an unconfined zone, 
confining the contaminated area could prevent density-driven issues, or 
the density of the injected polymer could be modified accordingly 
(Alamooti et al., 2024a, 2023).

Effective DNAPL remediation also requires accurate mapping of the 
contaminant plume and release dynamics. Non-invasive geophysical 
methods, such as Electrical Resistivity Tomography (ERT) and Induced 
Polarization (IP), hold significant potential for assessing DNAPL- 
contaminated sites and monitoring remediation efforts during and 
after treatment (Han et al., 2024; Koohbor et al., 2022).

In our ongoing work under the PAPIRUS project, we are conducting 
studies that include geophysical methods for evaluating and monitoring 
DNAPL mobilization in subsurface soils, and in future studies, we will 
further analyze the optimization of polymer injection conditions and 
assess their performance for field-scale applications.

4. Conclusions

A comprehensive series of experiments spanning various configura-
tions, including bulk, column, and 2D aquifer cells, was conducted to 
evaluate the efficacy of injecting non-Newtonian PEO polymer solutions 
with different molecular weights and flow rates for displacing DNAPL 
banks sandwiched between two low permeable layers. Numerical sim-
ulations were performed and accurately predicted the experimental 
trends in the 2D cell.

Rheological analysis revealed non-Newtonian behavior for higher 
molecular weights (5 and 8 Mg/mol) of PEO, attributed to dense 
entanglement networks in their chains, while lower molecular weight (1 
Mg/mol) PEO exhibited near-Newtonian behavior due to fewer entan-
glements. Observations in porous media indicated a decrease in 
apparent viscosity compared to bulk solutions, particularly for higher 
molecular weights, attributed to a depleted layer near pore walls 
resulting from steric hindrance of PEO molecules. Adsorption studies via 
batch and column experiments indicated negligible adsorption of PEO 
onto soil surfaces, likely due to the large molecular size. However, post- 
flushing of polymer-saturated columns with water revealed significant 
permeability reduction for different molecular weights, attributed to 
viscous fingering created by an unfavorable mobility ratio.

Two-phase flow experiments in columns demonstrated a decrease in 
residual DNAPL saturation with increasing capillary number for both 
low and high permeability soils, with a steeper decrease observed for 
low permeability soils. 2D aquifer cell tests delineated three stages of 
DNAPL mobilization between low permeable layers: an initial plateau in 
recovery due to DNAPL mobilization by pressure gradients near the 
recovery point, a sharp increase in recovery upon PEO arrival at the 
DNAPL zone, and a final plateau upon reaching residual DNAPL satu-
ration. The effects of concentration and injection rates were also eval-
uated in 2D aquifer cell experiments. The lower the concentration, the 
longer is the transition zone between two plateaus (the second stage).

Numerical simulations, coupling mass conservation with the gener-
alized Darcy law, effectively captured experimental outcomes of DNAPL 

mobilization in the 2D system. These simulations elucidated the distri-
bution of PEO solution apparent viscosity in heterogeneous porous 
media. Analysis of velocity fields in the DNAPL zone revealed that at 
higher injection rates, DNAPL mobilization occurs from both the left low 
permeable layer and upper side, whereas at lower injection rates, 
mobilization primarily results from PEO invasion from the upper side of 
the polluted zone. Using numerical simulations the performance of PEO 
injection on displacement of DNAPL in multiple lenses and various po-
sition of recovery points was evaluated. The laboratory results indicate 
that DNAPL recovery at heterogeneous sites depends on the interplay of 
viscous and gravity forces, the permeability contrast between geological 
units, and the mobility ratio of the injected fluids. Effective remediation 
requires optimizing these factors, particularly in low permeability zones, 
to enhance DNAPL mobilization and recovery.
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