
In-situ PFAS immobilization for groundwater plume control:

dr. eng. Jeroen Vandenbruwane (Injectis, Belgium)

eng. Bram Vandekerckhove (Injectis, Belgium)
eng. Lionel Counet (Injectis, France and Spain)

Challenges for the applicability



Innovative solution for in situ soil remediation

In situ PFAS immobilization: Why ?

Source: Newell et al. (2020), Comparing PFAS to other groundwater contaminants: Implications for remediation

1. Low concentrations:
è Low « source » concentrations 
è Low remedial « target » concentrations
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2. Large plume dimensions



Innovative solution for in situ soil remediation

In situ PFAS immobilization: Why ?

Source: Meegoda et al. (2022), A review of PFAS Destruction Technologies

3. Applicable in situ destruction 
/degradation techniques not 
available (yet)
- Low efficiency (low concentrations)
- Extremely high energy consumption
  (environmental impact?!)
- Prior concenter phase needed (increasing the 

« hit ratio »)

After: CDM Smith



Innovative solution for in situ soil remediation

In situ PFAS immobilization: Why ?

3. In situ destruction /degradation techniques 
not available (yet)

è Low efficiency (low concentrations)
è Extremely high energy consumption
  (environmental impact?!)
è Prior concenter phase needed (increasing the « hit ratio »)

1. Low concentrations:
è Low « source » concentrations 
è Low remedial « target » concentrations

2. Large plume dimensions

Need for an extensive, passive, low energy consuming, long-term, 
irreversible PFAS « treatment » technique to reduce the 
dispersion risk  (« Enhanced attenuation »)

Source: Newell et al. (2022), Enhanced attenuation (EA) to manage PFAS plumes in groundwater



Innovative solution for in situ soil remediation

In situ PFAS immobilization: What ?

Increasing the retardation of PFAS by inducing a shift from soluble state to sorbed state
by the addition of an immobile sorbent

Freundlich sorption isotherm :
qe = Kf•Ce

(1/n)

è With: qe = sorbed concentration (mg/kg)
  Kf = Freundlich sorption coefficient (mg/kg [mg/L]-a)
  Ce = equilibirum aqueous concentration (mg/L)
  (1/n) = exponent depending on linearity of isotherm

Retardation coefficient:

R = 1 + !!
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Innovative solution for in situ soil remediation

In situ PFAS immobilization: What ?

Source: Lei et al. (2023), A revieuw of PFAS adsorption from aqueous solutions: Current approaches, engineering applications, challenges, and opportunities

Multiple sorption mechanisms: Different sorbents reported:

Activated carbon (GAC, PAC, CAC)
Biochar
Hydrophobic (cationic) polymers

Ion exchange resins (IX)
Layered double hydroxides (LDH) 

Organoclays
Zeolites
Aluminum oxyhydroxides



Innovative solution for in situ soil remediation

In situ PFAS immobilization: Current challenges ?

Closing the gap between lab test results and field application

- Full contact: perfectly homogenized
- Prolonged contact time
- Closed reactor

- No influx of fresh (ground)water
- Fixed ratio sorbent/groundwater might

influence geochemistry of (ground)water 
- Leaching of sorbent impossible

- Limited number of (known) PFAS compounds
and concentrations

- No or limited number of co-contaminants
Source: Lei et al. (2023), A revieuw of PFAS adsorption from aqueous solutions: Current approaches, engineering applications, challenges, and opportunities



Source: nextgenerationwateraction.com 
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In situ PFAS immobilization: Current challenges ?

Closing the gap between lab test results and field application

- Challenges to achieve full contact
- limited contact time (tried to be increased with barrier width)
- “continuous flow-through” reactor

- influx of fresh (ground)water 
- ratio sorbent/groundwater gradually decreases (longevity effect)
- Possible leaching of sorbent

- Unknown (and changing) PFAS composition and concentration (over 
time and place) (cfr. “chromatographic” fractionation) 

- Competition between compounds
- Reversible sorption (exchange of one compound for another)
- Desorption in case of lowering influx concentration

- multiple co-contaminants and natural substances
- Competition for available sorption sites (e.g. humic acids, CVOCs)
- DOM-associated PFAS + colloid-associated PFAS with completely

different sorption behaviour than “pure” PFAS-form
- PFAS sorption influenced by pH, salinity and salt composition

Source: Lei et al. (2018) Mechanism and implication of sorption of 
perfluorooctanoic acid by varying soil size fractions



Innovative solution for in situ soil remediation

In situ PFAS immobilization: Current challenges ?

How to achieve full contact between sorbent and (migrating) PFAS ?

Sorbents need to migrate easily in natural porosity of the soil during injection, 
but stay immobile after injection to prevent leaching of sorbent



Innovative solution for in situ soil remediation

Injection pressure window depends on :
Soil depth
Groundwater level
Pore dimensions (soil texture)

Injection Window

In situ PFAS immobilization: Current challenges ?

How to achieve full contact between sorbent and (migrating) PFAS ?

Sorbents need to migrate easily in natural porosity of the soil during injection, 
but stay immobile after injection to prevent leaching of sorbent

Maximum injection pressure determines
the lower limit of the “injectable” 
pores (pore throat diameter) 
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In situ PFAS immobilization: Current challenges ?

How to achieve full contact between sorbent and (migrating) PFAS ?

Sorbents need to migrate easily in natural porosity of the soil during injection, 
but stay immobile after injection to prevent leaching of sorbent
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Low injection pressure 

Only pores > 1 – 10 µm

But high flow rate to prevent precipitation !
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In situ PFAS immobilization: Current challenges ?

How to achieve full contact between sorbent and (migrating) PFAS ?

Sorbents need to migrate easily in natural porosity during injection, 
but stay immobile after injection to prevent leaching of sorbent

Majority of sorbents = particulate 
colloids or particle suspension (1 nm – 100 µm)   
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In situ PFAS immobilization: Current challenges ?

How to achieve full contact between sorbent and (migrating) PFAS ?

Source: Fopa et al. (2023) A pore-scale investigation of the effect of 
nanaparticle injection on properties of sandy porous media 

Sieving out by
soil matrix

Clogging of 
the pores

dparticle ≥ dpore_throat
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In situ PFAS immobilization: Current challenges ?

How to achieve full contact between sorbent and (migrating) PFAS ?

dparticle ≤ dpore_throat

Leaching with
groundwater

One size does not fit all!
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In situ PFAS immobilization: Current challenges ?

How to achieve full contact between sorbent and (migrating) PFAS ?

Sorbents need to migrate easily in natural porosity during injection, 
but stay immobile after injection to prevent leaching of sorbent

Different “sorbent immobilization” mechanisms:
- Physical sieving out in smaller pores (clogging?)
- Settling as a result of lowering water velocity (vinjection >> vgroundwater)
- Interaction with soil matrix (e.g. cation bridging with clay, hydrophobic sorption to NOM)
- In situ particles formation /precipitation ???
- Swelling of particles after injection ???
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