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Abstract 

Environmental pollution, notably soil pollution, is one of the urgent problems at present. Light refined 

petroleum products (gasoline, diesel, engine oil, etc.) which represent light non-aqueous phase liquids 

(LNAPL) are among the most dangerous environmental pollutants. Penetration of LNAPL into the soil 

or groundwater makes it unsuitable for plant, animal, and microorganism life. Therefore, the search for 

effective ways to dispose of hydrocarbon pollution is of great importance. One of the most widely known 

LNAPL remediation methods is Pump-and-treat (PT), which is considered inefficient due to long 

operation, and low recovery efficiency (around 60%). Injecting non-Newtonian fluids such as polymers 

presents a significant industrial application interest for in situ remediation of contaminated soil, 

especially for aquifers with significantly high permeability and strong heterogeneity. Nevertheless, there 

is some limitation to using high-viscosity fluids. For instance, the injection of a high-viscosity polymer 

solution during soil remediation can harm the environment by increasing the injection pressure, leading 

to aquifer erosion or soil uplift. Hence, developing eco-friendly, sufficiently viscous, and biodegradable 

fluid is highly in demand. 

The main goal of this study is to improve the removal of LNAPL (here diesel fuel) with a new polymer-

based formulation that promotes its dissolution or mobilization. The use of viscous polymer solutions 

can contribute to stable oil displacement in heterogeneous porous media and simultaneously carry active 

matters (surfactants, co-solvents) to hard-to-reach low-permeability media. 

To embody the goal, the remediation of diesel was tested in one-dimensional 30 cm long silica-based 

sand-pack columns. Biopolymer “xanthan gum” was used due to its rheological and biodegradability 

properties. Primary flushing by xanthan gum with a concentration of 0.1% w/w, promoted stable 

displacement in saturated porous media and allowed the recovery of up to 80% of diesel fuel. Further, 

the polymer solution was formulated with the addition of alcohol solvents to improve sweeping 

performance. Therefore, fifteen types of biodegradable homologous alcohols (from ethanol to n-octanol) 

were applied for batch experiments to formulate polymer-based alcohol mixtures. These homologous 

alcohols are known to exhibit different partitioning behavior upon contact with diesel fuel. 

Environmentally friendly surfactant sodium dodecyl sulfate (SDS) was used to stabilize a mixture of 

alcohol and polymer solution. To obtain a stable formulation, batch experiments were carried out at 

various surfactant concentrations and various volume fractions of polymer solution, alcohol, and diesel 

fuel.  

Batch experiments were carried out in small polypropylene vials to test the mechanisms of alcohol 

partitioning in the presence of diesel fuel. According to the results of batch experiments, ethanol, 1-

propanol, and 2-propanol exhibit a mechanism of diesel dissolution into an aqueous phase, which leads 



to a decrease in the volume of diesel fuel. Homologous alcohols from n-butanol to n-octanol promoted 

partitioning into the organic phase. As a result, swelling of the volume of diesel fuel was observed, 

which is typical for the mobilization mechanism. However, only 1-pentanol, 1-hexanol, 1-heptanol, 1-

octanol, and 2-octanol among mobilization alcohols showed stable emulsions when mixed with a 

xanthan-SDS solution.  

Further, the rheological behaviors of xanthan-SDS-alcohol mixtures were characterized through a 

rheometer. The preliminary results showed that they exhibit non-Newtonian shear-thinning behavior. 

Rheological experiments are still ongoing to select the best formulation regarding viscosity properties. 

Thus, the final polymer-based alcohol emulsion will be used for the secondary flushing (after polymer 

flushing) in a 1D column to remove residual diesel. 
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Introduction and objectives1
 Batch experiments: 

 1D column experiments:
Porous media Grain size diameter, d (mm) Porosity, ∅ (%) Permeability, 𝑲 (m2)

Extra siliceous sand 0.4-1.3 36 ±1 290 (±10) ×10-12

Effluent
Pressure 

transmitter

Polymer  
solution

∆P
Peristaltic pump  

Overhead 
stirrer

1D column
Electronic 
balance

Data acquisition

30 cm

Fig. 2: Schematic of the experimental setup

 Rheological experiments:

 Biopolymer – Xanthan Gum (XG)
 Surfactant – Sodium Dodecyl Sulfate (SDS)
 15 biodegradable homologous alcohols –

 LNAPL – Diesel Fuel

 Light Non-Aqueous Phase Liquids (LNAPL) spills are a significant environmental

concern, particularly for groundwater resources. Classical pump-and-treat method's

efficiency rarely exceeds 60% due to the subsurface heterogeneity [1].

 The use of polymers in soil remediation has already proven to be a promising method

for in-situ remediation of NAPLs by improving homogeneity displacement even in

heterogeneous mediums [2].

 However, applying a high-viscous polymer solution may negatively impact the

environment by raising the injection pressure which tends to erode the aquifer or uplift

the soil [3].

 This study exhibits how an injection of a biopolymer-surfactant-alcohol mixture will

improve the recovery of the residual LNAPL in a porous media.

 Batch experiments: development of new formula 

Main objectives of the study:

 Development of a new biopolymer-based formulation using alcohols and

surfactants to improve the recovery of residual LNAPL.

 Determination the alcohol partitioning mechanism in porous media in the

presence of diesel and aqueous phases.

 Performance of the newly developed formulation in multiple scales

(batch experiments, rheological measurements, 1D column experiments).
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 Rheological experiments: 

 1-D column experiments:
Alcohol partitioning type
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Materials & Methods2

Results & discussions3

Main Conclusions4

Fig. 3: Alcohol partitioning mechanism in the presence of water and diesel

Generation of  single-phase XG-SDS-ALCOHOL mixture:

ID: 138

Fig. 4: Development and selection of a new single-phase formulation

 Single-phase “solubilization” XG-SDS-ALC solutions 1, 2, 3, 7

 Single-phase “mobilization” XG-SDS-ALC emulsions 9, 12, 13, 14, 15

Fig. 5: Rheological behavior of the displacing fluids

 The new-developed XG-SDS-1-pentanol emulsion called “COCKTAIL 50%” exhibited an improved 

recovery of 99.4% upon direct treatment in 1D columns. 

 Post-injection of “COCKTAIL 50%” after XG-SDS flushing improved diesel removal to 11.3% (total 93.8%).

 COCKTAIL 50% emulsion preserves non-Newtonian shear-thinning behavior despite the addition of alcohol.

 The main mechanism of 1-pentanol in “Cocktail 50%” is the swelling of the diesel phase in a porous media

and thereby its further mobilization.

Direct treatment: LNAPL saturated Porous Media

 All mixtures  non-Newtonian shear-thinning behavior. 

 SDS decreases the viscosity of XG solution due to repulsive electrostatic forces. 

 Water-insoluble “mobilization” alcohols (50% vol.) increase the viscosity 

 Water-soluble “solubilization” alcohols (50% vol.) decrease the viscosity 

when mixing with 

XG-SDS solution
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Fig. 1: Methodology of batch experiments

 Rheology of fluids  Rheometer Haake Mars 60 (Thermofisher)

 Diesel “solubilization” alcohols: 1, 2, 3, 7  water-soluble

 Diesel “mobilization” alcohols: 4,5,6,8,9,10,11,12,13,14,15  water-insoluble
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 “COCKTAIL 50%”  XG-SDS-1-Pentanol emulsion at 50% alcohol content.

 1-pentanol  lower toxicity and higher biodegradability.
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 “Cocktail 50%”  improved recovery of 99.4%

 “Cocktail 50%”  low column pressure drop and higher diesel recovery (easier injection)

0

50

100

150

200

250

0 0.5 1 1.5 2

D
if

fe
re

n
ti

al
 p

re
ss

u
re

 (
m

b
ar

)

PV (-)

COCKTAIL 50%
XG 2g/L + SDS 5g/L
XG 1g/L + SDS 5g/L
XG 4 g/L
XG 2 g/L
XG 1 g/L

Fig. 7: LNAPL displacement in 1D column by direct-treatment Fig. 8: Pressure drop as a function of injected PV

for different formulations
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Post-treatment: LNAPL saturated Porous Media
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Fig. 6: LNAPL displacement in 1D column by post-treatment

Main findings:

 Post-injection of “Cocktail 50%” after

WaterfloodXGXG-SDS showed an

improvement in recovery to 11.3% (tot. 93.8%)

 “Cocktail 50%” exhibits an effective recovery 

of the residual LNAPL in porous media.

Remark: industrial “classical” field application is           

waterflooding (i.e. pump-and-treat)
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