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Introduction: 

PFAS were first developed in the 1940s and have been used by numerous industrial and 

commercial sectors for products that benefited from the unique properties of the PFAS range of 

chemicals species. These properties included their inherent thermal and chemical stability, water 

resistance, stain resistance, and their surfactant nature. Awareness of the risk of PFAS in the 

environment first emerged in the late 1990’s - this environmental awareness was generally 

contemporaneous with increased scrutiny into the health effects of PFAS to humans. The uses of 

PFAS, the environmental exposure and the environmental impact are summarised in Figure 1 

below. 

Figure 1 – PFAS Uses, Environmental Exposure and Environmental Impact [source ITRC - 

History and Use of Per- and Polyfluoroalkyl Substances (PFAS) found in the Environment] 

  

 

 

There are over 3,000 PFAS currently in circulation. Perfluoroalkyl compounds have a non-polar 

hydrophobic carbon (alkyl) chain structure that is fully saturated with fluorine atoms (i.e., they are 

perfluoroalkyl substances) attached to a hydrophilic polar functional group. Carbon chains may 

be linear or branched. The term PFAS also includes fluoropolymers that may consist of thousands 

of shorter-chain units bonded together. 

PFAS are typically referred to as ‘forever chemicals’ due to their persistence within the 

environment and their resistance to natural degradation. This is primarily due to the extremely 

strong carbon – fluorine bonding within the PFAS structure. PFAS are divided into two primary 

classes, namely non-polymers and polymers.  



 

The non-polymer forms are most commonly detected in the environment and include 

perfluoroalkyl acids [PFAAs], perfluoroalkyl carboxyllic acids / carboxylates [PFCAs], 

perfluoroalkane sulfonic acids / sulfonates [PFSAs], perfluoroalkane sulfonamides [FASAs], 

perfluoroalkane sulfonamido substances, fluorotelomers and polyfluoro ether carboxylic acids.  

PFAS are typically classified as long chain and short chain respectively. Long chain PFCAs have 

typically eight or more carbon atoms in the chain; short chain PFCAs have typically seven carbon 

atoms or less in the chain. Long chain PFSAs have typically six carbon atoms or more in the 

chain; short chain PFSAs have typically five carbon atoms or less in the chain. PFOA and PFOS 

are classified as long chain PFAS (both have eight carbon atoms in the chain).  

PFCAs and PFSAs are the most commonly identified PFAS in contaminated soils and 

groundwaters. Three of the most commonly identified forms of PFAS are perfluorooctanoic acid 

[PFOA] and perfluorobutanoic acid [PFBA] i.e. two PFCAs and perfluorooctane sulfonate [PFOS] 

i.e. a PFSA.  

PFOA and PFOS are long-chain forms (eight carbon atoms) - PFOA has the chemical formula 

C8HF15O2; PFOS has the chemical formula C8HF17O3S.  

PFBA is a short chain form (four carbon atoms) – PFBA has the chemical formula C4HF7O2.   

Both PFOA and PFOS have been used extensively as surfactants. The molecules exhibit both 

hydrophobic / lipophobic and hydrophilic properties enabling their effective use as surfactants and 

in the manufacture of inter alia textiles, carpets, fire-fighting foams, fire resistant materials. stain 

repellants and sealants. The hydrophobic / lipophilic properties are provided by the carbon chain; 

the hydrophilic properties are provided by the functional head (carboxylate for PFOA and 

sulfonate for PFOS).  

PFBA has been used in the manufacture of photographic film and has other specialist uses. It is 

also very prevalent in landfills and is assumed to be present as a breakdown product of longer 

chain forms such as PFOA. 

The structure of PFOS is shown in Figures 2A and 2B below; the structure of PFOA is shown in 

Figures 3A and 3B below and the structure of PFBA is shown in Figure 4 below. 

Figure 2A – Structure of PFOS 

 

 

 

 

 



 

Figure 2B – Structure of PFOS 

 

[source American Chemical Society] 

Figure 3A – Structure of PFOA 

 

 

 

Figure 3B – Structure of PFOA 

 

[source American Chemical Society] 

 

Figure 4 – Structure of PFOA 
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PFAAs and PFSAs are highly water soluble and exist as the dissociated anionic forms in the 

environment. PFOA has a water solubility of 9,500 mg/l; PFOS has a water solubility of 570mg/l 

and PFBA has a water solubility of 240,000mg/l. As can be seen the carboxylate forms are 

considerably more water soluble than the sulfonate forms and the short chain carboxylate forms 

such as PFBA are extremely water soluble.  

Longer chain PFAS are typically more hydrophobic; shorter chain PFAS substances tend to 

exhibit greater hydrophilic properties (less hydrophobic). The sorption coefficients (Kd) of long 

chain PFAS tend to increase linearly with increasing molecular weight reflecting the longer 

perfluoroalkyl chain and through likely increased physical adherence of PFAS to soil surfaces 

(multiple contact points). There does not appear to be any significant relationship between Kd 

and molecular weight for short chain PFAS. The properties of the differing PFAS also vary with 

molecular structure – PFAS can exist in different isotopic forms (linear or branched) and some 

PFAS are zwitterions with both positive and negative charges (electroneutral).  

The Kd values of PFCAs and PFSAs decrease with increasing pH. This is primarily due to 

electrostatic repulsion between the dissociated anionic forms and soil particles, which become 

more negatively charged as pH increases. This effect can be significant, particularly for PFAS 

with high pKa values. 

Soil properties will vary in terms of electrical charge which will determine the Kd values on a site- 

specific basis – this relates to the cation exchange capacities of clay minerals in the soil and the 

presence of cations such as aluminium which will increase Kd values. 

In summary, the highly variable chemical properties of PFAS make remediation complex and 

difficult. 

Distribution of PFAS within Impacted Soils:  

Understanding the relative sorption of PFAS to soils (and the respective solubilities) will have a 

major bearing on the development of a suitable remediation strategy. 

More water-soluble (shorter chain) forms of PFAS typically occur at a greater depth than less 

water soluble (longer chain) PFAS, typically at the interface between saturated and unsaturated 

zones. This can be explained by the fact that the more water-soluble forms are more mobile and 

have a lesser affinity for soil organic matter. Conversely, longer chain PFAS are typically observed 

at higher concentrations in shallower soil samples.  

As a consequence. shorter chain PFAS tend to dissipate quicker from site over time, whereas the 

longer chain PFAS compounds are less likely to mobilise from site as they are more strongly 

sorbed. 

Once in soil, retarded PFAS can serve as a significant reservoir for further release and transport 

leading to further groundwater contamination and is one of the main explanations for standalone 

groundwater treatments not working, with PFAS compounds often described as the ‘everlasting 

gobstopper’. 

 

 



 

Sorption Properties: 

Understanding the widely varying properties of PFAS is the key to being able to successfully 

remediate a contaminated site. The diverse physicochemical properties of PFAS render some 

remediation strategies effective for one group of PFAS and completely ineffective / less effective 

for others. This is why a dual approach is considered beneficial. In essence there needs to be 

effective technologies for both short and long chain PFAS. 

As an example, a recent study1 compared adsorption capacity of PFOS, PFOA and PFBS onto 

graphite intercalated compound (GIC)2. The adsorption onto GIC followed pseudo second order 

kinetics3 and the maximum adsorption capacity using Langmuir was 53.9 μg/g for PFOS, a 

reduced sorption of 22.3 μg/g for PFOA and a significantly reduced sorption of 0.985 μg/g for 

PFBS (this being in part due to electrostatic attraction and hydrophobic interactions). This 

example clearly shows that the remediation strategy must focus on the targeted forms of PFAS 

present and not overall PFAS, which, by definition, is likely to require two different approaches. 

This principle is clearly shown in this study and in previous research and field applications 

undertaken by Envirotreat to date. 

For longer chain PFAS, the main sorption mechanisms to soil organic matter are hydrophobic 

interactions. In general, as the chain length of PFAS increases so does the respective 

hydrophobicity and in turn the strength of sorption. Thus, longer chain PFAS sorb more strongly 

to soil than shorter chain PFAS. The hydrophobicity is also an important feature in the sorption of 

PFAS to hydrocarbon co-contaminants in soils. In addition to hydrophobic interactions with soil 

organic matter, surface complexation with uncharged organic and mineral surfaces in soil is also 

a prominent sorption mechanism for longer chain PFAS. This has been demonstrated throughout 

Envirotreat’s R&D programme (undertaken over a number of years). 

For shorter chain PFAS, sorption to soil becomes increasingly dominated by electrostatic 

interactions of ionic groups with soil particles. Shorter chain PFAS are more water soluble with 

generally lower soil:water partitioning coefficient (Kd) values and thus more mobile than longer 

chain PFAS. They are more likely to be found in soil pore water and groundwater than long chain 

PFAS. Shorter chain PFAS may therefore behave differently to longer chain PFAS when it comes 

to considering remediation.  

Koc is a metric commonly used to quantify the potential of a given dissolved compound to 

associate with, or sorb to, organic matter occurring in soil. Table 1 below summarises the log Koc 

for a range of PFAS compounds. 

As can be seen Koc values generally increase with increasing chain length, 

 

1 Trzcinski, A.P. and Harada, K.H. (2024) Comparison of perfluorooctane sulfonate (PFOS), perfluorooctanoic 

acid (PFOA) and perfluorobutane sulfonate (PFBS) removal in a combined adsorption and electrochemical 

oxidation process. Science of The Total Environment Volume 927, 1 June 2024 

2 A low surface area, highly conductive and cheap adsorbent 

3 Pseudo-second-order kinetics is a model that describes how adsorption occurs over time when the adsorption 

rate is affected by the interaction between the adsorbent and the adsorption sites.  It's often used to describe 

adsorption processes that take a long time to fill adsorption sites.  

https://www.sciencedirect.com/journal/science-of-the-total-environment
https://www.sciencedirect.com/journal/science-of-the-total-environment/vol/927/suppl/C


 

Table 1 – Log Koc Values for Common PFAS Compounds 

Acronym Name Carbon length Log Koc (L/Kg) 

PFBS Perfluorobutane Sulfonate Four 1.0 

PFBA Perfluorobutanoic Acid Four 1.88 

PFPeA Perfluoropentanoic Acid Five 1.37 

PFHxS Perfluorohexane Sulfonate Six 1.78 

PFHxA Perfluorohexanoic Acid Six 1.91 

PFHpA Perfluoroheptanoic Acid Seven 2.19 

PFOA Perfluorooctanoic Acid Eight 2.35 

PFOS Perfluorooctane Sulfonate Eight 3 

PFNA Perfluorononanoic Acid Nine 2.39 

PFDA Perfluorodecanoic Acid Ten 2.76 

PFDS Perfluorodecane Sulfonate Ten 3.53 

 

The PFAS functional group, either a sulfonate or a carboxylic group, affects the strength of PFAS 

sorption to soil. There is a greater sorption of longer chain PFSAs compared to longer chain 

PFCAs with the same chain length, owing to stronger interactions of the sulfonate headgroup with 

the soil compared to the reactions with the carboxylic headgroup.  

Zwitterionic forms of PFAS behave differently to anionic and non-ionic PFAS in soil. Zwitterionic 

forms have both cationic and anionic charges and are sorbed more strongly to negatively charged 

soil particles than anionic and non-ionic forms (the majority of soil particles carry a negative 

charge which tend to repel anionic forms in particular). 

Sorption of both longer chain and shorter chain PFAS decreases when solution pH increases. 

Soil organic matter and clay minerals become progressively more negatively charged as pH 

increases which decreases sorption of anionic forms of PFAS (as they are repelled). At lower 

pHs, soil organic matter is more positively charged, and this enhances sorption by contributing to 

both hydrophobic and electrostatic attraction. This was demonstrated by Envirotreat in 

stabilisation treatability trials in which the cement addition was varied – increasing cement 

additions (and consequently increasing pH through cement hydration) resulted in increased 

mobility of both carboxylate and sulfonate forms of PFAS. 

PFAS typically accumulate at the air-water interface in the vadose (unsaturated) zone in soils - 

the degree of moisture content within the vadose zone is a key parameter in relation to sorption.  

 



 

This demonstrates the importance of seasonal effects and further emphasises the ‘forever 

gobstopper’ effect, where groundwater remediation during low groundwater conditions often 

results in ‘bounce back’ when groundwater levels rise (remobilising PFAS in the unsaturated 

zone). 

PFAS precursors can be present in various environmental media including soil – the presence of 

precursors needs to be considered in the design of a remediation strategy. PFBA is commonly 

found at significant concentrations following disturbance of samples taken – this is thought to be 

as a result of precursors being ‘activated’ through disturbance forming PFBA in particular.  

Envirotreat has clearly noted this effect in treatability trials where bulked sampled groundwater 

contained significantly higher concentrations of PFBA than groundwater tested following discrete 

in-situ sampling. This equally applied to concentrations of PFBA identified in untreated blank / 

control samples which were shown to increase through handling etc. 

Treatment Technologies: 

Land remediation approaches often target the greatest mass of contamination to manage 

the identified risks to the environment in a cost-effective manner. This typically involves 

remediating / treating lower volumes of soils with higher PFAS concentrations (within 

designated source areas). The aim is to significantly reduce / eliminate potential leaching 

to groundwater and other potential receptors.  This can, in turn, reduce or eliminate the 

scope and / or duration of any required groundwater treatment. 

This is the strategy Envirotreat adopted for PFAS remediation at the Redditch site. The 

remediation strategy involved source treatment of soils significantly contaminated with PFOS 

using PFASorb chemical stabilisation – the objective was to reduce leachability by a minimum of 

95% (as agreed with the regulators). The remainder of the site (the bulk of the overall site area) 

was pervasively contaminated with relatively low concentrations of PFOS (up to a maximum of 5 

ug/kg) which was contaminating groundwater – it was decided to treat the groundwater by the 

installation of a permeable reactive barrier. Calculations showed that reducing the treatment 

threshold from 5 ug/kg to 1 ug/kg would have seen treatment volumes increase by 250%, with 

the total treated PFOS mass increasing by only 3.5% - additional source treatment was therefore 

not considered to be commercially viable or environmentally sustainable. 

Concawe Report: 

The CONCAWE Report ‘PFAS Soil Treatment Processes - Review of Operating Ranges and 

Constraints’ reviews a number of potential treatment technologies, which were summarised in two 

figures within the report. These are reproduced below. 

Figure 5 below summarises the stage of development (laboratory to commercial) and 

effectiveness.  The most effective and available technologies are shown at the point of the arrow. 

Figure 6 below provides an assessment of field deployed technologies. 

 

 

 



 

Figure 5 – Selected PFAS Soil Treatment Technologies [source – Concawe Report] 

 

 

Figure 6 – Field Deployed PFAS Soil Treatment Technologies and Color Code Key [source – 
Concawe Report] 

 



 

Key to Colour Coding in Figure 6 above 

 

There are very few destructive technologies with none really applicable to on-site applications.  

Soil washing is a separation technology and is estimated at being 71-90% effective, however the 

operational and commercial considerations can be prohibitory. Soil washing requires large and 

specialised plant and may not be suitable for certain soil types. Soil washing results in the 

generation of PFAS impacted water requiring further treatment prior to discharge (if permitted) -

the process also generates an element of potentially contaminated fines. The resultant fines must 

be effectively managed / further processed (treated) to prevent transfer of PFAS contamination 

into the environment at other locations. This can involve considerable additional costs.  

Chemical stabilisation is an adsorption technology, which involves mixing the soils with binders 

to reduce mobility (leachability). PFAS are not destroyed during stabilisation but remain stabilised 

within the treated soils. The stabilisation process needs to have longevity as PFAS will not 

degrade to any significant degree, if at all. There is considerable focus, therefore, to demonstrate 

long-term performance particularly in terms of leachability / durability.  

Envirotreat has extensive experience gained over 25 years in the use of modified clays for the 

stabilisation of inorganic / organic pollutants. The process is also validated using granular leach 

testing methods reflecting long term durability i.e. the testing procedure is designed to reflect long 

term breakdown of the stabilised material with significant surface area exposure to the leaching 

medium (granular breakdown material). 

Envirotreat has developed an advanced form of its proprietary E-Clay technology designed for 

the treatment of PFAS with widely ranging chemical properties. This technology is referred to as 

PFASorb® which is described in detail below. 

PFASorb® 

Modified clays / organoclays are currently being employed for the treatment of PFAS pollutants 

in soils and are also being promoted as suitable treatment reagents for PFAS pollutants.  

A typical organoclay is shown schematically in Figure 7 below.  The organoclay is produced by 

the intercalation of quaternary ammonium cations or amines etc (replacing naturally occurring 

sodium and / or calcium cations) and can expand considerably in organic environments. 



 

Figure 7 – Schematic Showing a Typical Organoclay Structure 

 

 

Commercial organoclays have a major disadvantage in the treatment of contaminated soils as 

they are, by definition, not water soluble and can therefore not be effectively mixed with 

contaminated soils, which will contain moisture / water to varying degrees.  This limitation equally 

applies to PFAS contaminated soils 

Envirotreat therefore developed a range of modified inorgano-organoclays which provide multi 

reactive capability and are an effective treatment medium, either for use as a standalone 

treatment process or as a key component of a chemical stabilisation process including 

cementitious materials. This E-Clay® technology has been successfully applied in numerous 

projects over the last 25 years, treating a wide range of pollutants for a wide range of end uses 

(residential, commercial or retail etc. E-Clays can be produced on-site as an aqueous treatment 

slurry which is readily mixable with contaminated soils enabling effective treatment, producing a 

homogeneous treated mass. 



 

 

PFASorb clays are an advanced form of E-Clays designed to treat PFAS and are proprietary to 

Envirotreat. 

PFASorb clays are derived from the modification of naturally-occurring smectite clays using 

selected chemical reagents.  Reactive treatment media are produced which are designed to 

chemically sorb and immobilise a broad range of PFAS present within soil and water. PFASorb 

can also sorb and immobilise other pollutants of concern (along with PFAS). 

PFASorb clays are pillared clays formed from intercalation of cationic aluminium polymers. The 

pillars are molecular props which create a basal separation of the clay platelets within the clay 

structure.  This creates interlamellar spacing sufficient to provide access (sorption) for PFAS and 

other organic species such as TPH and PAH within the clay matrix. The aluminium pillars have a 

net positive charge and behave as a Lewis Acid. This is extremely important for immobilising 

PFAS which exist in the anionic forms under normal environmental conditions (typically 

carboxylates and sulfonates). 

The further controlled intercalation of quaternary ammonium salts (QAS) to the clay structure 

produces an inorgano-organoclay.  This imparts the capability to sorb organic compounds such 

as more hydrophobic forms of PFAS and other hydrocarbon pollutants such as TPH and PAH. 

The organophilic (hydrophobic) properties of the PFASorb inorgano-organoclays are dependent 

on the degree of QAS intercalation. 

In summary, PFASorb clays are pillared inorgano-organoclays of varying hydrophobicity / 

hydrophilicity, designed to sorb and immobilise PFAS with varying chemical properties / solubility. 

The reactivity of PFASorb with PFAS pollutants can be summarised as a combination of 

hydrophobic association, Lewis acid-base bonding (e.g. Al – functional group) and hydrogen 

bonding etc.  

PFASorb formulations can be varied to suit the chemical properties of the ‘target’ PFAS pollutants 

– the reactivity, hydrophobicity and polarity of the PFASorb formulation can be adapted to suit.  

The PFASorb formulations for the effective treatment of PFAS combine the necessary 

hydrophobicity for effective sorption of the hydrophobic part of the molecule (the ‘tail’) and the 

necessary reactivity to bond with the anionic polar part of the molecule (the ‘head’).This is 

achieved by producing an ‘inorgano-organo’ formulation. The clay formulation is not fully cation 

exchanged (retaining residual sodium or calcium cations) and the reactive pillars are designed to 

bond with the anionic sulphonate ‘head’ group i.e. SO3- [e.g. PFOS] and the anionic carboxylate 

‘tail’ group i.e. CO2- [e.g. PFOA]. 

The generic PFASorb formulation for the treatment of the more hydrophobic PFAS 

contaminants is shown schematically in Figure 8 below. This combines the intercalation 

of hydroxyaluminium pillars and quaternary ammonium salts to varying degrees.  

The generic PFASorb formulation for the treatment of the more hydrophilic PFAS 

contaminants is shown schematically in Figure 9 below. This formulation is primarily 

focused on the intercalation of hydroxyaluminium pillars with minimal if any intercalation 

of quaternary ammonium salts. 



 

Figure 8 – Schematic Showing Generic PFASorb Formulation (Inorgano-Organoclay) – 

More Hydrophobic Formulation 

 

Figure 9 – Schematic Showing Generic PFASorb Formulation (Inorgano-Organoclay) – 

More Hydrophilic Formulation 

 

 

 

 



 

PFASorb Stabilisation: 

PFASorb Stabilisation is a chemical stabilisation process which combines PFASorb Technology 

with conventional stabilisation media (typically cementitious and pozzolanic materials). The 

conventional stabilisation media are primarily added to facilitate drying following the treatment 

process to produce a suitable material for reuse. 

The PFASorb inorgano-organoclay provides the mechanism for sorbing and immobilising 

(bonding) the PFAS pollutants within the clay matrix which then forms part of the stabilised 

material.  

The treatment of PFAS contaminated soils would be carried out using a purpose designed 

PFASorb treatment medium or media (typically in combination with the designated cementitious 

/ pozzolanic material). 

The addition of cementitious / pozzolanic materials needs to be effectively controlled as the 

sorption coefficient of PFAS tends to reduce with increasing pH. PFAS will typically exist in an 

anionic form with increasing pH and readily bond with the aluminium cations contained within the 

hydroxyaluminium pillars. This reactivity addresses the potential risk of desorption which would 

apply to conventional organoclays. 

Operational Considerations: 

PFASorb stabilisation is the same operationally as would be the case for the treatment of any 

other pollutant(s). The only difference is in in the formulation of the clays and the need to consider 

both hydrophobic and hydrophilic pollutants. 

Envirotreat has developed a bank of knowledge and experience in treating PFAS, such that 

treatability trials are not always required, unless stipulated.  

PFASorb stabilisation is a ‘wet’ approach where the modified inorgano-organoclay is produced 

on-site by Envirotreat and used in a slurry form. The slurry is applied by Envirotreat (not by a 3rd 

party) as part of the stabilisation medium / media. This provides significant flexibility enabling the 

formulation to be modified as required on a batch-by-batch basis – this is a major advantage over 

the alternative approach where materials are produced separately in a dry form. This inherent 

flexibility is extremely important for the treatment of PFAS in particular with widely ranging 

chemical and physical properties. 

This ‘wet’ approach ensures that the soils are fully mixed resulting in a homogeneous treated 

mass. The addition of liquid means that soil moisture is increased - this is addressed through the 

addition of small quantities of cementitious additive as a drying agent. This ensures that the 

resultant material has the required geotechnical strength and is suitable for the future site use. 

There are minimal, if any, bulking effects as a consequence of treatment. 

Treatment additive volumes are small, typically less than 5% w/v. 

PFASorb treatment can be applied both ex-situ and in-situ. Both techniques employ standard 

earthworks plant and equipment, for example, standard tracked excavators and digging buckets.  

 



 

Envirotreat has utilised Allu type processing buckets historically, but they provided minimal  

benefit over conventional digging buckets for the treatment of made ground soils – they did offer 

some benefit when treating heavy clay soils. Likewise, Envirotreat has used soil mixing heads for 

some in-situ applications, however their suitability is limited.  

The PFASorb treatment slurry is prepared on-site by Envirotreat personnel in a mixer (see figure 

10 below). The slurry is the pumped to where the treatment additive will be applied (a suitable 

container such as a skip).  

Figure 10 – Mixer (and associated plant) used in the Production of PFASorb Slurry 

 

Ex-Situ Application: 

Contaminated soils are fully excavated and stockpiled pending ex-situ treatment. Treatment is 

achieved by thoroughly mixing soils with the treatment slurry and cementitious additives in 

batches, typically in a suitable open container (e.g. skip) using an excavator and suitable bladed 

bucket. Following treatment, soils are stockpiled pending validation and reuse elsewhere on site.  

Soils are treated in discrete batches (known a quantity of soil - typically 15 m3) – the designated 

quantity of the treatment slurry is added and homogenously mixed with the soils. Cement (or 

pozzolans) is / are added in dry form following mixing with the treatment slurry – the quantities 

are determined in accordance with the treatment design criteria – the addition of cementitious 

materials is strictly controlled in order to control pH increases as far as practically possible.  

A typical ex-situ soil mixing operation is shown in Figure 11 below. 

Figure 11 – Ex-Situ Soil Treatment 

 



 

In-Situ Application: 

Contaminated soils are treated in-place. The PFASorb treatment slurry is delivered to a 

designated treatment area and thoroughly mixed with the soils in-situ to the required depth using 

an excavator and conventional digging bucket. 

Treatment soil volumes are controlled by using a grid system of known area / volume. 

Cement (or pozzolans) is / are added in dry form following mixing with the treatment slurry – the 

quantities are determined in accordance with the treatment design criteria – the addition of 

cementitious materials is strictly controlled in order to control pH increases as far as practically 

possible.   

A typical in-situ soil mixing operation is shown in Figure 12 below. 

Figure 12 – In-Situ Soil Treatment 

 

In-situ treatment has a number of advantages over the ex-situ application, namely: 

• Avoidance of double / treble handling 

• Reduction in the amount of space required on-site for the treatment (particularly in relation 

to stockpiling requirements which are negated for in-situ treatment 

• Avoiding of cross contamination and reducing risks associated with odour generation 

(related to co-pollutants) 

• Most importantly, in-situ soil mixing can typically achieve treatment to greater depths, 

including below the water table. This is where the shorter chain, more mobile PFAS 

compounds are likely to be concentrated. 

Soil Leachate Testing Methodology: 

The leachate preparation method used to assess stabilisation performance is BS EN 12457-1. 

This granular leaching methodology provides a robust test and is designed to reflect short term 

and long-term leachability. 

This test is recognised by the regulators as a benchmark test for assessing the efficacy of 

stabilisation technologies. It is considerably more robust than tank testing methodologies. 



 

Longevity and Durability of Stabilisation (PFAS Treatment):  

Data from laboratory trials and projects using robust granular leach testing methodologies have 

demonstrated that PFAS are effectively sorbed and immobilised by chemical stabilisation using 

PFASorb and that the treatment process has longevity / durability. Chemical stabilisation is 

increasingly being considered as an effective and pragmatic option for the treatment of PFAS 

contaminated soils.  

Concawe notes that PFAS share some similar properties to certain metals, such as arsenic and 

chromium, in terms of their non-biodegradability, solubilities and chemical speciation (oxy-anionic 

forms) which have a much longer track record for being treated by stabilisation. Envirotreat has a 

number of real applications demonstrating the effective stabilisation of anionic forms of pollutants, 

for example, arsenates / arsenites and chromium VI. 

Validation: 

Validation is typically achieved through carrying out robust leach testing of the treated soil and by 

comparison with pre-agreed remediation target criteria. In this respect there is only one EQS value 

currently in place, namely 0.65ng/l (0.00065ug/l) for PFOS. This is an extremely low threshold 

value and reflects / underlines the need for effective treatment.   

Envirotreat Permeable Reactive Barriers [PRBs]: 

The Envirotreat Permeable Reactive Barrier System [PRB] is designed to intercept and effectively 

treat contaminated groundwater as it flows through the reactive barrier. The barrier is unique as it 

utilises proprietary reactive material (pillared clays) which are mixed in-situ with the soils present 

along the alignment of the PRB, forming a continuous vertical barrier. PFAS within the 

groundwater are adsorbed into the reactive material and  chemically immobilised within the pillared 

clay matrix. The porous pillared clays provide the requisite permeability to enable the treated 

groundwater to pass through the barrier without creating mounding and / or affecting the 

groundwater regime – this is confirmed by permeability testing upstream and downstream of the 

barrier if required. A schematic showing a PRB is shown in Figure 13 below. 

Figure 13 – Schematic Showing PRB 

 



 

The modified clays within the PRB perform in an identical manner to those used in stabilisation. 

The treatment of PFAS contaminated groundwater would be carried out using a purpose designed 

pillared clay used in isolation.  

Where both short chain and long chain PFAS are encountered it may be necessary to utilise two 

modified clays to address the unique properties of each type of PFAS (i.e. more hydrophobic and 

hydrophilic forms respectively – see Figures 8 and 9 above. In certain cases, it is considered 

preferable to install two PRB systems for treating a broad range of PFAS. 

The PRB system is installed into both the saturated and unsaturated zones, with sufficient 

‘freeboard’ to compensate for seasonal changes in groundwaters level and to accommodate 

climate effects (heavy rainfall / infiltration). The effects of climate change are now factored into 

the PRB design/ 

The PRB system typically toes into a low permeability stratum. 

The PRB system would be designed in accordance with Environment Agency guidance. This 

generally requires a comprehensive site investigation and supporting DQRA to determine key 

characteristics. For instance, it is necessary to determine, as far as practically possible: 

• The contamination profile, laterally & vertically in both soils and groundwater. 

• The groundwater flow direction (consideration needs to given to flow direction not just pre-

remediation but also during and post development) 

• The geological profile 

• Soil permeabilities 

• The groundwater gradient 

PRB Installation: 

Depending on the PRB design and envisaged depth of installation, Envirotreat utilise two methods 

for the PRB installation i.e. soil mixing using a continuous flight auger [CFA] (deeper installations, 

typically > 6m bgl) and soil mixing by trenching (shallower installations). 

For deeper installations, a continuous vertical barrier is created by the installation of overlapping 

soil mixed columns. The treatment slurry is pumped into the auger stem and injected into the soil 

through the auger head – soil mixing is then carried out by the auger head on both the down and 

upwards augering process.  Typical PRB installations using a CFA rig are shown in Figure 14 

below.  

 

 

 

 

 

 

 



 

Figure 14 – Typical PRB Installations using a CFA Rig 

 . 

The overlapping column design is shown in Figure 15 below. 

Figure 15 – Overlapping Soil Mixed Columns 

 

 

A shallower PRB system is installed using a standard tracked excavator and a suitable width 

bucket. On some applications an extension boom is used to gain the required depth. The barrier 

is installed in short sectional lengths (typically 5m in length), whereby a shallow trench is 

excavated followed by the addition of the required amount of modified clay slurry is then added, 

prior to mixing to the required depth using the excavator bucket and boom reach.  



 

A typical PRB installation using the trenching method is shown in Figure 16 below. 

Figure 16 – Typical PRB Installation using an Excavator 

 

Validation: 

Validation normally comprises two phases: 

• Confirmation that the PRB has been installed fully in accordance with the agreed PRB 

design and approved Remediation Method Statement - this is achieved through quality 

control undertaken during the PRB installation 

• Installation and monitoring of down gradient boreholes, pre and post remediation 

Integrated Treatment: 

The use of PFASorb stabilisation and a pillared clay PRB can be used as an integrated treatment 

approach to remediate the contaminated site as a whole. 

This will be particularly relevant for sites contaminated with PFAS where there is likely to be a 

combination of soil / source contamination and pathway / groundwater contamination. 

As outlined above, the source treatment (stabilisation) targets the greatest mass of contamination 

and the PRB addresses the pervasive groundwater plume. This approach manages risks to the 

environment in a cost-effective manner.  

The Redditch Fire Station remediation project was a classic example of this approach. 

Envirotreat was commissioned by the client to provide an outline remediation proposal and 

recommendations for supplementary site investigative works on the development area i.e. a 

parcel of land adjoining an existing fire station and the rear car park area and training tower of the 

existing fire station. 

 



Previous site investigations had already highlighted the presence of PFOS contamination in the 

soils and groundwater. Supplementary site investigation by Envirotreat indicated the presence of 

evaluated PFOS contamination in soils (684 ug/kg) and groundwater (3,030 ng/l compared with 

an EQS of 0.65 ng/l) predominantly under the fire station car park. Significantly 

higher concentrations were encountered during baseline monitoring ~5,500 ng/l. 

Based on the supplementary site investigative report, Envirotreat carried out a Remediation 

Options Appraisal, prepared a Remediation Strategy and a Remediation Method Statement. 

The prime controlled water receptor was identified as the Batchley Brook (located ~15m from site 

boundary in the direction of projected groundwater flow). 

The potential risks to human health were addressed through pathway breaks (capping layer and 

hardstanding). 

This was agreed with the client, the client’s consultants (LQM) and the appropriate regulatory 

bodies. 

The following criteria were applied: 

• A soil source treatment threshold of 5 ug/kg (5,000 ng/kg).  Continuing treatment of soils

with less than 5 ug/kg was not considered to be commercially or environmentally 

sustainable. Reducing the RTC from 5 ug/kg to 1 ug/kg would have seen the treatment 

volume increase by 250%, with treated PFOS mass increasing by only 3.5% 

• The PRB was designed on the basis of treated soils achieving leachate criteria based on

a 95% reduction of anticipated PFAS concentrations (plus normal contingency factors 

including a worst-case assumption of a non-depleting source) 

• A nominal groundwater treatment target value of 50 ng/l was agreed subject to

establishing background concentrations. The prime objective being to protect the brook. 

Average PFOS leachate concentrations of treated soils were 6.3 ug/kg. This was estimated to an 

overall leachate reduction of 97.5% based on initial PFOS concentrations (684 ug/kk) and typical 

partition coefficient (0.4) values for the site (estimated PFOS concentration in untreated soils 275 

ug/kg). 

Pre and post remediation monitoring of key borehole installations showed all boreholes meeting 

the agreed remediation criteria within the anticipated timeframes. 

• MBH202 >95% (264 to 10.7ng/l)

• MBH203 > 95% (63.5 to <6.5ng/l)

• MBH204 > 95% (489 to 11.6ng/l)

• MBH206 > 95% (2,580 to 36.6ng/l)

• WS101 88% (309 to 36.6ng/l)# and

• WS102 68% (80.8 to 25.6ng/l)#

# Groundwater flow was not predominantly in the direction of these borehole installations - the 

groundwater gradient was therefore low. 

The integrated remediation strategy as applied to the Redditch site is shown in Figure 17 below. 



 

Figure 17 – Redditch Site – Integrated Remediation Strategy 

 

The PRB installation is indicated by the green line. The PRB was “reinforced” in the direction of 

main groundwater flow (highest contaminant flux). The source treatment (stabilisation) area is 

depicted by the red shading and predominantly coincided with the former fire station site. The 

yellow shading shows the mobile plant area where the modified clays were produced on -site. 

Summary: 

Timeline: 

Envirotreat initially looked at PFAS remediation in 2010, where Envirotreat was invited to 

undertake some treatability trials on a lagoon used to collect and storage surface water runoff and 

where AFFF had historically been used. 

At that time, there was very little public awareness of PFOS contamination and the impact on the 

environment. 

Envirotreat undertook a series of treatability trials on the basis that PFOS would behave similarly 

to other organic pollutants (i.e. generally hydrophobic).  

Initial laboratory testing (there being limited capability at that time) indicated the lagoon sludge 

had 335 mg/kg PFOS with a leachable content of 13.2 ug/l. 

Following treatment with a pillared organoclay (PFASorb) the leachate reduced to 0.20 ug/l. 

This was a very limited trial but showed the basis for the suitability of PFASorb in the effective 

treatment of PFOS. 

Following global awareness of PFAS contamination and their environmental effect, Envirotreat 

launched a range of advanced E-Clays (marketed as PFASorb) focusing on the treatment of  

PFAS for both soil and groundwater applications. 

 

 



 

Envirotreat, working in collaboration with a company in Sweeden and the highly regarded KTH 

University, demonstrated through a series of treatability trials the effective treatment of PFAS 

(both short chain and long chain) in PFAS impacted lake water. 

KTH concluded that 

‘It was found that the PFAS sorbent is a material with a very high capacity to absorb 

perfluorinated compounds from water. It is considered suitable to be a part of an automatic 

system to clean the lake from PFAS’. 

The first commercial application came with the remediation of Redditch Fire Station. 

Envirotreat undertook a series of treatability trials on PFOS impacted soils. 

The trials involved the production of PFASorb (E-Clay) where the quaternary ammonium cation 

intercalation percentage was varied. Trials were additionally undertaken with different cement 

additions to determine the optimum treatment media. 

The trials showed that the optimum treatment medium reduced the leachability of both PFOS and 

branched PFOS (Total PFOS) by > 95%. The integrated remediation strategy for the Redditch 

remediation project of targeted source treatment and a PRB installation was designed around the 

findings of the treatability trials. 

In 2024, Envirotreat commissioned further product development of PFASorb at the National 

Brownfield Institute laboratories in Wolverhampton. This work focused on refining the application 

of PFASorb to treat long chain PFAS (hydrophobic compounds) and additionally looking at the 

treatment of the shorter chain PFAS (hydrophilic compounds). 

The trials clearly reinforced previous findings regarding the treatment of long chain PFAS 

compounds and also demonstrated effective treatment of short chain / more hydrophilic PFAS. 

The trials also demonstrated that adjusting the quaternary ammonium cation percentage 

intercalation and adjusting the pillaring addition rates to produce a more pillared less organoclay 

(to treat more hydrophilic PFAS) significantly improved outcomes, 

Conclusions: 

Envirotreat has demonstrated the effective remediation of PFOS in soil and groundwater through 

laboratory testing and real application on a former fire station. 

Envirotreat has also demonstrated the treatability of some of the more difficult PFAS pollutants, 

namely shorter chain acids, which tend to be highly mobile. This was demonstrated by treatment 

of PFAS contaminated groundwater. 


