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Abstract 
 

 
Modelling Competitive Sorption of Per- and Polyfluoroalkyl Substances (PFASs) to Soil 
and Sorbents  

Linnea Georgii 
 
Per- and polyfluoroalkyl substances (PFASs) have become contaminants of increasing concern to 
society due to the contamination of drinking water and the ecosystem. A better understanding of the 
sorption and transport of PFASs in soil systems is urgently needed, however there have been few studies 
dedicated to investigating competitive sorption among PFASs, and there is no available model to model 
such effects. This study investigated the sorption behaviour of PFASs of different carbon chain lengths 
and different functional groups to investigate potential competitive sorption effects. A multi-compound 
sorption model was set up based on Langmuir single sorption isotherms. By modelling the different 
PFASs both separately and mixed together in bi-solute and multi-solute systems, the possibility of 
modelling competition effects between different PFASs for sorption sites was investigated. The model 
could describe the general tendency of longer chained PFASs to outcompete shorter chained PFASs, 
and that perfluorinated sulfonic acids (PFSAs) outcompete perfluorinated carboxylic aids (PFCAs). 
However, the model failed to reproduce multi-solute sorption results for PFOS at concentrations near or 
above the critical micelle concentration (CMC), indicating micelle formation and multilayer sorption, 
which cannot be described by a Langmuir isotherm-based model. 

The study showed that it is possible to model competitive effects among some PFASs using this 
approach, although more advanced models may be needed to model the sorption of long-chained PFASs 
where micelle formation may occur, which would require further research to derive values for the 
parameters necessary to perform this type of modelling.  
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Populärvetenskaplig sammanfattning 
 
Modellering av konkurrenseffekter vid sorption av per- och polyfluorerade
alkylsubstanser (PFAS) till jord och sorbenter

Linnea Georgii
 
Per- och polyfluorerade alkylsubstanser (PFAS) är kolväten där alla (per-) eller vissa (poly-) av 
väteatomerna bytts ut mot fluoratomer. PFAS är syntetiska kemikalier som började produceras på 1950-
talet och kan beså av olika långa kolkedjor och funktionella grupper vilket påverkar deras egenskaper. 
Den funktionella gruppen är det hydrofila (vattenälskande) ”huvudet” på molekylen vilken kan bestå av 
olika kemiska grupper, av vilka de två vanligast studerade grupperna är sulfonsyror (PFSA) och 
karboxylsyror (PFCA), men det finns även många andra grupper. PFAS delas också in i långa och korta 
föreningar där långa PFAS har en kolkedja som är längre än 6 kol och korta PFAS har 6 kol eller färre 
i sin kolkedja. Den molekylära strukturen med ett hydrofilt huvud och en hydrofob (vattenhatande) 
fluorerad kolkedja gör att PFAS ofta används som ytaktiva ämnen. Det finns fler än 4 700 PFAS och de 
används i många olika produkter så som vatten- och fettavstötande tyger, mattor, rengöringsmedel, plast 
och non-stickbeläggningar i t.ex. stekpannor. På grund av PFAS unika egenskaper har de också använts 
i brandskum där de bildar en tunn film av vatten mellan skummet och det brinnande bränslet vilket 
effektivt släcker branden. Men användningen av PFAS i brandskum har visat sig särskilt problematiskt 
då det innebär ett direkt utsläpp av stora mängder PFAS i naturen.  

Kol-fluorbindningen är väldigt stark och organismer klarar inte av att bryta bindningen vilket gör att 
PFAS inte bryts ned utan ansamlas i naturen. Detta tillsammans med deras vattenlöslighet resulterar i 
många fall i stora föroreningsplymer i grundvattnet. Livsmedelsverket har rapporterat att dricksvattnet 
för mer än 3,6 miljoner människor är påverkat av PFAS föroreningar i Sverige. PFAS misstänks ha 
cancerogena och hormonstörande effekter och flera PFAS föroreningar är nu reglerade inom EU. Men 
även om nya utsläpp är reglerade behöver de PFAS som redan finns i naturen åtgärdas. Det finns många 
tekniker för att åtgärda PFAS-förorenade områden där man utnyttjar molekylernas förmåga att binda till 
fast material (sorption). Hur starkt molekylerna binder till materialet beror på en rad faktorer så som 
kolkedjans längd, mängden organiskt material i vattnet och/eller materialet PFAS ska binda till, 
elektrostatiska interaktioner med andra närvarande joner i vattnet samt vattnets pH.  

I den här studien utnyttjas dessa egenskaper för att se hur effektivt olika PFAS binder till olika 
material med hjälp av matematiska modeller. Även potentiella konkurrenseffekter undersöks då olika 
PFAS binder olika starkt. Om det då finns ett begränsat antal platser för molekylerna att binda till kan 
en del PFAS konkurreras ut av andra PFAS som binder starkare. Det påverkar hur effektiv en 
åtgärdsmetod är för att rena vattnet.  

Studien visade att det till viss del är möjligt att modellera tävlingseffekter mellan olika PFAS, där 
PFAS med längre kolkedjor konkurrerar ut kortare PFAS, och PFSA är mer konkurrenskraftiga jämfört 
med PFCA. Men mer avancerade modeller krävs för modellering av längre PFAS vid högre 
koncentrationer då deras förmåga att bilda aggregat/miceller försvårar modelleringen. Fler studier 
behövs därför för att öka mängden information som krävs för att använda dessa mer avancerade 
modeller.  
 
Nyckelord: PFAS, modellering, konkurrenseffekter, adsorption, isotermer 
  
Examensarbete E1 i geovetenskap, 1GV025, 30 hp 
Handledare: Georgios Niarchos och Fritjof Fagerlund 
Institutionen för geovetenskaper, Uppsala universitet, Villavägen 16, 752 36 Uppsala 
(www.geo.uu.se)  
 
ISSN 1650-6553, Examensarbete vid Institutionen för geovetenskaper, Nr 506, 2021
 
Hela publikationen finns tillgänglig på www.diva-portal.org  



Abbreviations 
 
AE   Anion exchange resin 

AFFF   Aqueous film forming foam 

BAC   Bamboo derived activated carbon 

CAC   Colloidal activated carbon 

CMC   Critical micelle concentration 

Cx                             Fluorocarbon chain of length x  

DI   De-ionized water 

DOC                        Dissolved organic carbon 

dw   Dry weight 

FOSA                       Perfluorooctane sulfonamide 

FTSAs                     Fluorotelomer sulfonic acid 

GAC   Granular activated carbon 

Kd                             Soil-liquid distribution coefficient 

KF                              Freundlich sorption capacity parameter 

KL   Langmuir sorption capacity parameter 

MWCNT  Multi-walled carbon nanotubes  

n                               Freundlich non-linearity parameter 

PAC   Powdered activated carbon 

PFAS                   Per- and polyfluoroalkyl substance 

PFBA                       Perfluorobutanoic acid 

PFBS                        Perfluorobutane sulfonic acid 

PFCAs                     Perfluorinated carboxylic acids 

PFDA   Perfluorodecanoic acid 

PFDoDA                 Perfluorododecanoic acid 

PFHpA                    Perfluorohepanoic acid 

PFHxA                     Perfluorohexanoic acid 

PFHxS                      Perfluorohexane sulfonic acid 

PFNA              Perfluorononanoic acid 

PFOA                 Perfluorooctanoic acid 

PFOS                       Perfluorooctane sulfonic acid 



 
 

PFPeA                     Perfluoropentanoic acid 

PFSAs                      Perfluorinated sulfonic acids 

PFTeDA                  Perfluorotetradecanoic acid 

PFTriDA  Perfluorotridecanoic acid 

PFUnDA                 Perfluoroundecanoic acid 

POPs                        Persistent organic pollutants 

SWCNT  Single-walled carbon nanotubes 

SSE   Sum of squared errors  

TOC   Total organic carbon 
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1. Introduction 
 
Per- and polyfluoroalkyl substances (PFASs) are aliphatic substances where all (per-) or some (poly-) 

of the hydrogen atoms have been exchanged for fluorine atoms (Buck et al., 2011). These anthropogenic 

chemicals have been produced since the 1950’s (Kissa, 2001) and represent a large group of chemicals 

that consist of different carbon chain lengths and functional groups, determining the molecules 

properties and sorption behaviour. 

The functional group is the hydrophilic head of the molecule, which can consist of a large variety of 

different groups. Two of the most commonly studied subgroups of PFASs are the perfluorinated 

carboxylic acids (PFCAs) and perfluorinated sulfonic acids (PFSAs). Another group of PFASs are the 

perfluorinated sulfonamides or FOSAs (Buck et al., 2011). Furthermore, the different PFASs are also 

divided into two main groups determined by the number of carbons in the carbon chain (Cx), where 

long-chained PFASs have ≥ C6 for PFSAs or ≥ C7 for PFCAs, and short-chained PFASs have ≤ C6 (Buck 

et al., 2011; Ross et al., 2018). Figure 1 shows an example of three PFASs with the same carbon chain 

length (C8), but different functional groups.  

 

       a)  

       b)  

       c)  
 

Figure 1. Stick models of the molecular structures of a) PFNA, b) PFOS and c) FOSA. 
 
The molecular structure with a hydrophobic carbon chain and a hydrophilic functional group causes 

many PFASs to be used as surfactants (Buck et al., 2011). Surfactants, such as PFASs, can form 

micelles, which are spheres formed by multiple surfactant molecules (Schmitz, 2018). Depending on 

the surrounding environment, the surfactants order themselves in different directions. In an aqueous 

solution, the hydrophilic head is directed outwards and the hydrophobic tail of the surfactant is directed 

towards the middle of the micelle (Schmitz, 2018). The critical micelle concentration (CMC) is the 

concentration of surfactants above which micelles will start to form and additional added surfactants 

will continue to form more micelles (Kissa, 2001). 
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1.1 PFAS production, use and associated risks 
 
There are more than 4 700 PFASs (OECD, 2018) and they have been used in a large variety of products 

such as water and dirt repelling fabrics, carpets, cleaning agents, plastics and non-stick coatings (Kissa, 

2001; OECD, 2013; Swedish Chemicals Agency, 2015; Ross et al., 2018). PFASs unique thermal 

stability together with their ability to repel both water and oil has led to their extensive use in fire-

fighting foams (Ahrens et al., 2015; Ross et al., 2018). The PFASs used in aqueous film-forming foams 

(AFFFs) form a thin film of water between the foam and the burning fuel (Regeringskansliet, 2016), 

which efficiently extinguishes the fire. The use of PFASs in AFFFs is particularly problematic as it 

involves direct release into the environment (Swedish Chemicals Agency, 2015). 

The C-F bond is very strong, which prevents biodegradation and therefore PFASs bioaccumulate in 

nature (Ahrens et al., 2015), where longer-chained PFASs are more bioaccumulative compared to 

shorter ones (Ahrens et al., 2015; Ross et al., 2018). The persistence of PFASs together with their high 

solubility, low to moderate sorption to soils and lack of volatility make many PFASs highly mobile, 

resulting in long (potentially several kilometres long) groundwater plumes (Ross et al., 2018). 

In Sweden, the drinking water production for 3.6 million people is affected by PFASs contamination 

(Swedish Food Agency, 2014). The main point sources for PFASs in groundwater are associated with 

PFAS containing AFFFs used at fire-fighting training areas and airports. Inventories indicate that at 

least 44 Swedish airports are affected by PFASs, including military as well as civilian airports (Swedish 

Food Agency, 2014). It is suspected that drinking water with high levels of these substances can increase 

the risk of adverse health effects, affecting for example the thyroid gland, the liver, fat metabolism and 

the immune system (Lau et al., 2007; Swedish Chemicals Agency, 2015). Gyllenhammar et al. (2015) 

observed that exposure to contaminated drinking water was the determining factor for the increasing 

temporal trends of PFBS and PFHxS levels in blood serum from young women in Uppsala sampled 

between 1996 and 2012, while the levels of PFOS and PFOA were not high enough to markedly change 

the commonly observed decreasing trends of serum levels for these compounds (Gyllenhammar et al., 

2015). It was suggested that human exposure for long-chained PFASs (> C7) is dominated by other 

exposure, while drinking water may be a significant source for the exposure to short-chained PFASs 

(Gyllenhammar et al., 2015). 

There have been many studies focusing on two of the most common PFASs: PFOA and PFOS (Yu 

et al., 2009; Yao et al., 2014; Deng et al., 2015b; Zaggia et al., 2016; Gao et al., 2017). As the use of 

these compounds has been regulated (Commission Regulation (EU) 2017/1000; European Chemicals 

Agency ECHA, 2020), the industry is moving towards replacing longer-chained PFASs with shorter-

chained compounds, and in particular the usage of C6 PFASs has increased (Swedish Chemicals Agency, 

2015). PFOS (Annex B) and PFOA (Annex A) are listed in the Stockholm convention on Persistent 

organic Pollutants (POPs) since 2009 and 2019 respectively and are now regulated or restricted in 

REACH. Several other PFASs are now also listed on the REACH candidates list for POPs, e.g. PFBS 
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(CAS No. 25628-08-4), PFHxS (CAS No. 355-46-4), PFDA (CAS No. 335-76-2 among others), PFNA 

(CAS No. 375-95-1), PFUnDA (CAS No. 2058-94-8), PFDoDA (CAS No. 307-55-1), PFTriDA (CAS 

No. 72629-94-8) and PFTeDA (CAS No. 376-06-7) (ECHA, 2020). Of these, only one (PFBS) is to be 

considered a short-chained PFAS.  

Even though the use of short-chained PFAS has increased, little data exists concerning their transport, 

fate, and options for treatment (Ateia et al., 2019). This increases the need for further understanding on 

how to remove these compounds from the environmental matrices. Studies must be undertaken to 

develop treatment options for short-chained PFAS as they have a widespread presence in various aquatic 

environments (Ateia et al., 2019).  
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1.2 Sorption behaviour of PFAS  
 
Sorption is a term used to describe the adsorption, absorption and ion exchange of a chemical to a solid 

(Appelo & Postma, 2005). Adsorption is when a chemical attaches/adheres to a solid, absorption is when 

the chemical is taken up into the solid, and ion exchange is the replacement of one chemical for another 

at the solid surface (Appelo & Postma, 2005). As PFASs can undergo all three mechanisms (Gao et al., 

2017), the term sorption is often used. A conceptual image of PFAS sorption is presented in Figure 2.  

For most PFASs, the most important sorption mechanism is hydrophobic sorption to soil organic 

particles (Ross et al., 2018). However, the sorption behaviour of PFASs is dependent on multiple factors, 

such as the carbon chain length (Higgins & Luthy, 2006; Ahrens & Bundschuh, 2014; Milinovic et al., 

2015), organic carbon content of the water and/or sorbent (Higgins and Luthy, 2006; Ahrens et al., 2011; 

Appleman et al., 2013; Du et al., 2014; Milinovic et al., 2015; Gao et al., 2017; Sorengard et al., 2019), 

electrostatic interactions and pH of the aqueous phase (Higgins & Luthy, 2006; Yu et al., 2009; Buck et 

al., 2011; Xiao et al., 2011; Du et al., 2015; Campos Pereira et al., 2018) as well as the sorbent grain 

size (Du et al., 2014; Sorengard et al., 2019). 

Several studies have shown that sorption of PFASs increases with increasing carbon chain length 

(Higgins & Luthy, 2006; Ahrens & Bundschuh, 2014; Du et al., 2014; Du et al., 2015; Milinovic et al., 

2015; Campos Pereira et al., 2018; Li et al., 2019; Sorengard et al., 2019). PFASs with longer C-F chain 

lengths have lower water solubility and are more hydrophobic, leading to higher adsorption capacity for 

these compounds (Du et al., 2014). Furthermore, the terminal functional groups are also important 

parameters affecting the adsorption, where PFSAs have been shown to sorb more strongly to the solid 

phase compared to PFCAs of the same carbon chain length (Higgins & Luthy, 2006; McCleaf et al., 

2017; Li et al., 2019). 

Many PFASs are acids and may, depending on pH and the environment, exist as anions in a 

deprotonated state (Buck et al., 2011). The cation concentration will then influence the sorption 

behaviour of the compound, with increasing sorption in low pH and high cation concentration 

environments (Higgins & Luthy, 2006; Campos Pereira et al., 2018). Divalent ions have been shown to 

have a greater influence over the sorption compared to monovalent cations (Higgins & Luthy, 2006; Du 

et al., 2015; Campos Pereira et al., 2018). It has also been suggested that the sorption of shorter-chained 

PFAS is more influenced by the cation concentrations rather than pH, whereas longer-chained PFAS 

are more influenced by pH (Campos Pereira et al., 2018). Sorption through ion exchange is also more 

important for shorter-chained PFASs, while hydrophobic sorption is more important for longer-chained 

PFASs (Zaggia et al., 2016).  

The properties of the sorbent also heavily influence the sorption behaviour of PFASs, where soils 

and sorbents consisting of smaller grains have higher adsorption (Yu et al., 2009; Du et al., 2014). The 

grain size is affecting the total surface area of the sorbent, where a larger surface area leads to increased 

adsorption. Furthermore, a smaller grain size not only affect the total surface area, but also the pore 
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distribution, where the pores may be more accessible in a smaller grained sorbent (Yu et al., 2009). 

Sorption also increases with increasing organic matter content in the soil, indicating that hydrophobic 

interactions play a key role in the sorption of PFASs to soil (Milinovic et al., 2015). On the other hand, 

a significant increase in the dissolved organic carbon (DOC) of the system would yield a lower sorption 

for PFASs (Higgins & Luthy, 2006) and the presence of DOC have been shown to heavily affect the 

performance of remediation techniques for PFASs (Appleman et al., 2013; Deng et al., 2015). 

Furthermore, Li et al. (2019) suggested that it was the protein content, rather than total organic carbon 

(TOC), that was the dominant soil property affecting the adsorption of PFASs. 

As there are multiple factors influencing the sorption of PFASs, each study site will present 

challenges for remediation and some factors to be considered are lithological variabilities, groundwater 

flow velocities, variable geochemistry, presence of co-contaminants and potential competition effects, 

natural organic matter content and variable concentrations and types of PFASs (Ross et al., 2018).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Conceptual image of some of the different ways PFASs can sorb to soils or sorbents. Modified from 
Figure 3 in Yu et al. (2009, p. 1155) and Figure 1 and 2 in Du et al. (2014, p. 450-451). 

PFAS: 

Cations: 

Soil or sorbent: 
Hydrophobic interaction: 

Electrostatic attraction: 

Hemi-micelles: Micelle: 
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1.3 Remediation techniques 
 
There are many different techniques to remediate PFAS contaminated water such as using anion 

exchange resins (AE), activated carbons, carbon nanotubes (CNT) (Deng et al., 2012; Deng et al., 

2015a), nanofilters or reversed osmosis (Yao et al., 2014). AE resins and activated carbons have been 

determined to be the best and most cost-effective removal techniques for PFASs, such as for PFOS and 

PFOA (Rahman et al., 2014; Yao et al., 2014; Du et al., 2015; Gagliano et al., 2020). 

AE resins consists of a synthetic structure with positively charged functional groups that are balanced 

by counterions (e.g. Cl-) (Ross et al., 2018). These counterions are then replaced by the PFAS ion 

through ion exchange, even if other mechanisms such as hydrophobic interaction also occurs (Zaggia et 

al., 2016). AE resins have been determined more efficient in removing PFASs compared to GAC (Carter 

& Farrell, 2010, Du et al., 2015; Kothawala et al., 2017; McCleaf et al., 2017) and an additional 

advantage is that it can be regenerated by back-washing with chemicals, in contrast to spent GAC which 

has to be removed and burnt to regenerate its sorption capacity. However, the use of AE resins is often 

limited to drinking water treatment plants as they are susceptible to fouling by organic materials and 

suspended solids (Beril Gonder et al., 2006) and therefore require pre-treatment of the water (Ross et 

al., 2018). AE resins are also more expensive (Ross et al., 2018) and require the use of chemicals to 

regenerate the sorption capacity once the resin becomes saturated, which creates waste that has to be 

disposed of (Rahman et al., 2014).  

The randomly oriented graphite stacks which make up the structure of activated carbon results in a 

highly porous matrix with a wide range of pore sizes (US EPA, 2018). The hydrophobic activated carbon 

has been proven to be an effective way to remove hydrophobic contaminants from water (Appleman et 

al., 2013; Kupryianchyk et al., 2016; Sorengard et al., 2019) and activated carbon based remedial 

technology can serve as a cost-saving alternative to pump and treat methods for in-situ remediation of 

contaminated groundwater (US EPA, 2018). There are different types of activated carbon, which are 

usually defined by their grain size. The most commonly used activated carbons are granular activated 

carbons (GAC) and powdered activated carbons (PAC). Additionally, there is a colloidal form (CAC) 

which can be injected directly into aquifers, enabling the adsorbing particulate material to be distributed 

throughout the aquifer (Ross et al., 2018). The advantages of activated carbon-based remediation are 

that it is cost effective and that there are no harmful rest products produced in the process, which means 

it can be applied for in-situ remediation of groundwater as well as a treatment step in a water treatment 

plant. 

Over time, the sorption capacity of the sorbent will eventually become exhausted, resulting in the 

eventual breakthrough of PFASs if the source continues to persist (Carey et al., 2019). Furthermore, to 

evaluate the long-term effectiveness of a remediation technology, the competitive sorption between 

different PFASs needs to be evaluated, as competitive sorption may affect the long-term effectiveness 

of the treatment method (McCleaf et al., 2017; US EPA, 2018).  
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1.4 Competitive sorption 

 
There have not been many studies dedicated to investigating the competitive sorption of PFASs 

specifically. However, many of the existing studies concerning PFAS sorption in general do suggest 

competition effects between different PFASs, even if studying competition effects was not their purpose. 

Xiao et al. (2011) reported competitive effects between longer-chained and shorter-chained PFASs 

(PFHpA, PFOA, PFNA, PFOS, PFDA and PFUnDA) sorption to Kaolinite, where the adsorption of the 

shorter-chained PFASs (PFOA, PFNA and PFOS) was significantly influenced by the presence of other 

longer-chained PFASs (Xiao et al., 2011). The competitive effect was thought to be due to stronger 

hydrophobic effects from the longer-chained PFASs (Xiao et al., 2011). The study also investigated the 

effect of Na+ on the sorption, which had a larger effect in the single-compound systems compared to a 

multi-compound system (Xiao et al., 2011). 

Maimaiti et al. (2018) and Wang et al. (2019) investigated competitive sorption of PFASs to AE 

resins and concluded that competitive sorption was closely related to the hydrophobicity and functional 

groups of the studied PFASs. PFSAs sorbed more strongly than PFCAs and competitive sorption in a 

multi-solute system decreased in the order of PFOS > PFHxS > PFOA > PFBS > PFHxA > PFBA 

(Maimaiti et al., 2018). Competitive effects also increased with increasing pH (3 to 7), as well as for 

increasing PFAS concentrations for the AE resin used in the study (IRA67) (Wang et al., 2019). 

Maimaiti et al. (2018) did however not observe any significant effects on the sorption of PFHxS or 

PFOS by the change in pH (6 to 9) for AE resin IRA910 in neither single nor bi-solute sorption systems. 

The presence of DOC, and in particular ionic DOC decreased the sorption of PFHxS, and so did the 

presence of other anions such as SO4
2- and NO3

- (Maimaiti et al., 2018). 

Du et al. (2015) investigated competitive sorption of PFHxA, PFHpA and PFOA, on bamboo-derived 

activated carbon (BAC) and the AE resin IRA67. For both BAC and IRA67, the removal of PFHxA, 

PFHpA and PFOA was significantly reduced in a multi compound system compared to the removal in 

a single compound system, and the competition decreased by PFOA > PFHpA > PFHxA (Du et al., 

2015). Another study by Zhang et al. (2019) also showed that the removal efficiency by GAC decreased 

substantially from single solute systems to the multi-solute system and that the sorption decreased in the 

order of PFOS > PFOA > PFBS > PFBA. Deng et al. (2012) investigated competitive sorption effects 

of PFAS sorption to single-walled carbon nanotubes (SWCNT) and concluded that competitive sorption 

decreased in the order of PFOS > PFOA > PFHxS > PFHxA > PFBS > PFBA. Carey et al. (2019) 

reported that the sorption of PFOS by CAC in single solute solution in pure water was dramatically 

higher compared to the sorption in a groundwater containing a mix of PFASs, DOC and other co-

contaminants. 

In their column experiments, McCleaf et al. (2017) could see desorption of PFBS and PFPeA in both 

AE resin and GAC columns. This indicates competition for sorption sites where long-chained PFASs 

outcompete short-chained PFASs. The possible importance of micelle formation for the longer and more 
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hydrophobic PFASs (such as PFDoDA and PFTeDA) was also discussed, as when the sorbent got 

saturated with these compounds, the removal increased (McCleaf et al., 2017). The importance of 

micelle formation had previously been discussed in Zaggia et al. (2016) and was also discussed in Yu 

et al. (2009) and Maimaiti et al. (2018). 

Studies have also shown competition between DOC and other organic pollutants to different types 

of activated carbons (Appelman et al., 2013), multi-walled carbon nanotubes (MWCNT) (Deng et al., 

2015a) and AE resins (Maimaiti et al., 2018). However, the presence of other co-existing organic 

compounds may affect activated carbon-based remediation techniques more than AE resins (Du et al., 

2015; Kothawala et al., 2017; Gagliano et al., 2020). It has also been suggested that DOC-PFAS 

complexes may form with longer-chained PFASs, causing increased removal of these PFASs while the 

sorption of short-chained PFASs may decrease as DOC is present in the system (Kothawala et al., 2017). 

The presence of other competing anions (e.g. SO4
2-, NO3

- ) should also be considered as they may affect 

the uptake capacity of the sorbent, especially for AE resins (Rahman et al., 2014; Maimaiti et al., 2018). 

It is important to investigate the competitive effects of PFASs to understand how it will affect the 

treatment efficiency of remediation techniques both for drinking water treatment and in-situ ground 

water remediation (McCleaf et al., 2017; Ateia et al., 2019; Carey et al., 2019). Competitive effects from 

long-chained PFASs and/or DOC may not only affect the initial sorption removal of short-chained 

PFASs but may also lead to desorption and release of previously captured PFASs from sorbents 

(McCleaf et al., 2017). 

1.5 Aim of the study 
 
It is important to increase the understanding of the sorption mechanisms of PFASs to be able to better 

model the transport of PFASs in groundwater. Finding a suitable mathematical model to describe the 

competitive sorption would be a first step towards creating a transport model that could be applied to 

predict the spread of a plume or the longevity of a treatment method to remediate PFAS polluted 

groundwaters. 

The aim of this study is therefore to summarize the current knowledge about PFAS sorption to soil 

and sorbents, and in particular the competitive sorption effects, and used this information to find and 

evaluate mathematical models to describe the competitive sorption of PFASs in a quantitative manner.  

The following research questions were discussed in this thesis: 

• What is the current knowledge about the competitive sorption of PFASs to soil and/or sorbents? 

• What are the knowledge gaps? 

• Which potential mathematical models exist that could be used to describe competitive sorption 

among PFASs? Which model/-s describes the competitive sorption effects best? 
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2. Method  
 
2.1 Literature review 
 
This thesis investigated competitive sorption between different PFASs during sorption to soil and 

sorbents based on available published data from batch sorption tests and column experiments. Previous 

studies of the application of mathematical isotherm models to describe competitive sorption of various 

solutes was used to suggest which models that may be used to describe competitive sorption among 

PFASs. These are presented in section 2.2. 

Data from already published studies was used to test the models presented in section 2.2 as the 

planned experiments could not be performed during the Covid-19 pandemic. Adsorption parameters for 

both Langmuir and Freundlich isotherms from batch sorption experiments were therefore compiled from 

relevant studies of the sorption of PFASs in single solute systems, which were then compared to the 

removal in bi- and multi-solute sorption systems. The competitive effects were investigated based on 

Langmuir and Freundlich single sorption isotherms, as these are the isotherms most commonly used to 

describe the sorption of PFASs (Higgins & Luthy, 2006; Ochoa-Herrera & Sierra-Alvarez, 2008; Yu et 

al., 2009; Deng et al., 2012; Yao et al., 2014; Du et al., 2015; Deng et al., 2015b; Zhang et al., 2016; 

Gao et al., 2017; Maimaiti et al. 2018; Li et al., 2019; Zhang et al., 2019).  

 
 
 Table 1. Properties of some of the most commonly studied PFASs.  

Compound Acronym Chemical formula Mw 
[g mol-1] 

Log Swb 
[mol L-1] 

pKac CMCd 

[mmol L-1] 
PFCAs       
Perfluorobutanoic acid PFBA C3F7COO- 213.03 0.42 0.4 710 
Perfluoropentanoic acid PFPeA C4F9COO- 263.04 -0.37  700 
Perfluorohexanoic acid PFHxA C5F11COO- 313.04 -1.16 -0.16 500 
Perfluoroheptanoic acid PFHpA C6F13COO- 363.05 -1.94  129 
Perfluorooctanoic acid PFOA C7F15COO- 413.06 -2.73 -0.2 26.3 
Perfluorononanoic acid PFNA C8F17COO- 463.07 -3.55  9.1 
Perfluorodecanoic acid PFDA C9F19COO- 513.07 -4.31  0.9 
Perfluoroundecanoic acid PFUnDA C10F21COO- 563.08 -5.13  0.34 
Perfluorododecanoic acid PFDoDA C11F23COO- 613.09 -5.94   
Perfluorotridecanoic acid PFTriDA C12F25COO- 663.09 -6.59   
Perfluorotetradecanoic acid PFTeDA C13F27COO- 713.10 -7.42   
PFSAs       
Perfluorobutane sulfonic acid PFBS C4F9SO3

- 299.09 -1.00 0.14  
Perfluorohexane sulfonic acid PFHxS C6F13SO3

- 399.11 -2.24 0.14  
Perfluorooctane sulfonic acid PFOS C8F17SO3

- 499.12 -3.92 -3.27 8.0 
FOSAs       
Perfluorooctane sulfonamide FOSA C8F17SO2NH2 499.15 -5.05   

a) Molecular weights were retrieved from the chemistry database PubChem at the U.S. National 
Institutes of Health (NIH. U.S. Department of Health & Human Services, 2020). 

b) Water solubility (Wang et al., 2011) 

c) Deng et al. 2012 

d) Critical micelle concentration, (Kissa, 2001) 
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2.2 Modelling background 
 
When studying solute transport of chemicals, adsorption processes are characterized by equilibrium 

adsorption isotherms that describe the relationship between the concentration of the chemical in the 

solute phase and the solid phase at equilibrium for different solution concentrations. To describe the 

distribution between the solution phase and the solid phase, there are several different mathematical 

adsorption models that can be used. Commonly used adsorption models are the linear, Langmuir and 

Freundlich isotherm models (Murali & Aylmore, 1983).  

In the beginning of a sorption isotherm for single species adsorption, the sorption is linear (Murali 

& Aylmore, 1983). As the concentration of the solute increases, so does the sorbed concentration. 

However, as the number of sorption sites in a given sorbent is limited, the sorbed concentration cannot 

increase indefinitely, and will therefore start to level out as more and more sorption sites become 

occupied. This makes the sorption isotherm non-linear at higher concentrations and it will eventually 

reach a horizontal stage when all sorption sites are occupied (and multi-layer sorption does not occur).  

When conducting batch sorption experiments, the sorption of chemicals to soil and/or sorbents (Cs, 

mmol g-1) is calculated according to equation 1:  

 

 !" = 	
%&'(')'*+	,	&-./	×		1

234+'5
   (1) 

 
where Cinitial (mmol L-1) is the initial solute concentration in the system, Ceq (mmol L-1) is the solute 

concentration in the aqueous phase at sorption equilibrium, V (L) is the solution volume and msolid is the 

dry weight (g) of added solid phase. 

The simplest sorption model is the linear sorption isotherm. The solid-liquid distribution coefficient 

Kd (L g-1) describes how well a chemical sorbes to the sorbent and can be calculated according to 

equation 2: 

 67 = 	
&3

&-.
  (2) 

 
However, the linear model is not enough to describe the sorption behaviour of PFASs at high 

concentrations, and studies have shown that the Langmuir and Freundlich models are more suitable for 

describing the sorption of PFASs to soil and sorbents (Higgins & Luthy, 2006; Ochoa-Herrera & Sierra-

Alvarez, 2008; Yu et al., 2009; Deng et al., 2012; Yao et al., 2014; Du et al., 2015; Deng et al., 2015b; 

Zhang et al., 2016; Gao et al., 2017; Maimaiti et al. 2018; Li et al., 2019; Zhang et al., 2019). 
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2.2.1 Langmuir sorption isotherm models 
 
The Langmuir sorption isotherm model (equation 3) assumes a monolayer adsorption and in contrast to 

the Freundlich isotherm model, the Langmuir isotherm model therefore incorporates an adsorption 

maximum Q (mmol g-1) (Murali & Aylmore, 1983): 

 

 !" = 	
89		&-.	:

;<	89		&-.
  (3) 

 
where KL (L mmol-1) is the Langmuir sorption coefficient. The Langmuir model can be linearized 

according to equation 4:  

 

 
&-.

&3
= 	

;

:	89	
+	

&-.	

89	
  (4) 

 
where 

;

89
 is the slope of the linear fit and 

;

:	89
 is the intercept. 

When studying PFAS contaminated sites there is most often more than one PFAS present in the 

system. As different PFASs consist of different C-F chain lengths and functional groups which affect 

their adsorption properties, competition effects between PFASs have to be taken into account when 

modelling. A multi component adsorption model for Langmuir-type isotherms based on data from single 

sorption isotherms (Equation5) has previously been suggested for modelling competitive sorption in bi- 

or multi-solute systems (Murali & Aylmore, 1983): 

 

 !"	> = 	
89	'	&-.	'	:?,'

;<	∑ 89	B	&-.	B
(
B

 (5) 

 
where C2,>  is the maximum sorbed concentration for compound D  for Langmuir single sorption 

isotherms, 6E	>, 6E	F, !GH	> and !GH	F are the Langmuir sorption coefficient (L mmol-1) and equilibrium 

aqueous concentration (mmol L-1) respectively for compound i and j in single solute systems. The 

equation assumes an invariably instantaneous equilibrium between solution and adsorbed ions (Murali 

& Aylmore, 1983).  

A modified version of equation 5 was suggested in Srivastava et al. (2006) and Hilbrandt et al. (2019) 

incorporating an interaction term I resulting in equation 6: 

 

 !"	> = 	
89	'	(&-.	'	/L'):?,'

;<	∑ 89	B	(&-.	B/LB)
(
B

 (6) 

 

where C2 and 6E	are determined from single solute isotherms and I is estimated from the competitive 

sorption isotherm data. 
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An extended version of the Langmuir multi compound equation (Equation 7) was also suggested:  

 

 !"	> = 	
89	'	&-.	'	:N*O

;<	∑ 89	B	&-.	B
(
B

 (7) 

which replaces C2,> with a maximum amount of possible sorption sites for all compounds in the system 

CPQR (mmol g-1) and the Langmuir coefficients 6E	> and 6E	F are derived from sorption isotherms in a 

bi- or multi-solute system (Srivastava et al., 2006; Hilbrandt et al., 2019). Equation 6 and 7 were 

determined to be better at describing the competitive sorption compared to equation 5 in these studies 

(Srivastava et al., 2006; Hilbrandt et al., 2019). 

Another modified version of the competitive Langmuir sorption model (equation 8) was suggested 

in Tefera et al. (2014): 

 

 !"	> = ∑
89	'	&-.	'	:S

;<	∑ 89	B	&-.	B
(
BTU

V
WX> 	 (8) 

 
where CW 	= 	C2,W − C2,W<; (and C2,W > C2,W<;) for [	 = 	D to \ − 1, and CW 	= 	!^2,V for [ = \. 

 

2.2.2 Freundlich sorption isotherm models 
 

The Freundlich isotherm model is used to determine the Freundlich sorption coefficient KF (mmol-1-n Ln 

g-1) representing the sorption capacity according to equation 9 (Appelo & Postma, 2005): 

 
 !" = 	6_ 	× 	!GH

V (9) 

 
where n is the unitless Freundlich non-linearity parameter. Taking the logarithm of equation 9 linearizes 

the equation according to equation 10: 

 
 `ab	!" = 	`ab6_ + \	`ab	!GH (10) 

 
Using extrapolated KF values to compare sorption under different solution conditions can however lead 

to biased results (Higgins & Luthy, 2006), and concentration specific Kd values can be interpolated by 

using equation 11: 

 
 67 = 	6_ 	× 	!GH

V,; (11) 

 
If n = 1, the isotherm is linear, and the sorption is considered concentration independent. If n < 1, it 

results in decreasing Kd values indicating a decreased sorbed concentration at high equilibrium 

concentrations, whereas for n > 1, Kd values are increasing leading to increased sorbed concentrations 

at high equilibrium concentrations. 
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A Freundlich competitive sorption model for bi-solute systems (equation 12) was suggested by Fritz 

& Schlünder (1974 & 1981):  

 

 !"	; = 	
8c	U	&-.	U

(Ud(UU	

&-.	U
(UU<	8c	Ue	&-.	e

(Ue (12a) 

 

 !"	f = 	
8c	e	&-.	e

(ed(ee	

&-.	e
(ee<	8c	eU	&-.	U

(eU (12b) 

 
where 6_;, 6_f, \;  and \f  are the Freundlich parameters based on single sorption isotherms, and 

6_;f, 6_f;, \;;, \;f, \f;	and \ff are based on Freundlich isotherms in bi-solute systems. 

Another multicomponent system isotherm based on single solute Freundlich isotherms was 

suggested by Sheindorf, Rebhun and Sheintuch (1981). This equation is called the SRS model (equation 

13):  

 
 !"	> = 	6_>!gh>%∑ i>F!ghF

W
FX; /

V',; (13) 

 
where 6_> can be determined from single solute systems and i>F is a competition coefficient that can be 

determined from respective bi-solute systems. This requires bi-solute experiments where the 

concentration of one of the compounds is kept constant while the other is varied. By definition i>F =

1/iF>, which means only one of the coefficients has to be determined through experiments (Sheindorf 

et al., 1981). 

The Freundlich multi-solute sorption model (equation 12) has been evaluated and recommended as 

the best model to describe the competitive sorption of different organic and inorganic compounds in bi-

solute systems (McKay & Al Duri, 1989; Srivastava et al., 2006; Hilbrandt et al., 2019). The SRS model 

(equation 13) has also been evaluated and determined to have a good fit to multi compound systems 

(Gutierrez & Fuentes, 1993; Srivastava et al., 2006; Suresh et al., 2018). However, the Freundlich multi 

component isotherm models require input data from both single solute sorption and bi- or multi-solute 

sorption isotherm experiments, increasing the amount of experiments needed in order to use the models. 

As there are not enough data from bi- or multi-solute system experiments for PFASs available, the 

modified and extended Langmuir models and the Freundlich isotherm based competitive sorption 

models could therefore not be used in this study.  
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2.3 Modelling method 
 
A model was built in Microsoft Excel (version 16.36, 2020) based on published values for the isotherm 

parameters and corresponding initial aqueous concentrations of each PFAS studied (Table A1). An 

aqueous mass of each PFAS at equilibrium was assumed based on the initial mass added to the system. 

The built-in Solver extension in Microsoft Excel was then used to perform iterations to determine the 

mass in the aqueous phase (mmol) which produced the least sum of squared errors (SSE) when 

comparing the modelled Langmuir sorbed mass j"_E (mmol) and the sorbed mass j"(mmol) calculated 

according to the mass balance equation (equation 14):  

 

 j>V>l>Qm_> 	= 	jnQl_> 	+	j"_> (14) 

 

where j>V>l>Qm refers to the initial mass of compound	D in the system, jnQl is the assumed mass in the 

water and j" is the mass sorbed to the solid phase. The SSE was calculated according to equation 15: 

 

 oop	 = 	∑ (q> − qr>)
fV

>X;  (15) 

 

where q>  is the predicted Langmuir sorbed concentration of compound D  and qr>	 is the sorbed 

concentration based on the mass balance (equation 14). It is important to note that both parameters are 

modelled values based on assumed aqueous concentrations at equilibrium.  

The non-linear GRG was used as the solving method in Solver, with the limitations that jnQl 	≤

	j>V>l>Qm and jnQl 	≥ 0. The model could then be used to model sorption in single-, bi- and multi-solute 

systems based on equations 3 and 5.  

To be able to compare different system conditions, the sorbent removal efficiency was calculated 

according to equation 16: 

 

 wp =	
&'(,&-.

&'(
× 100 (16) 

 

where !>V  (mmol L-1) is the initial concentration, !GH  (mmol L-1) is the aqueous concentration at 

equilibrium and RE is the removal efficiency (%) of the sorbent. 
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3. Results  
 
There are few studies conducted to investigate the competitive sorption of PFASs, and the data available 

to model the competitive sorption is limited. The following sections show the results based on the 

available data for single-, bi- and multi-solute systems. The Langmuir single solute sorption isotherm 

parameters used for the modelling are listed in the Appendix (Table A1) as well as Freundlich isotherm 

parameters for single solute systems (Table A2) and a multi-solute system (Table A3) for comparison. 

Figure 3 and 4 shows the modelled results using the single solute system isotherms and system 

conditions reported by Maimaiti et al. (2018) (Table A1), where Figure 3 was modelled using equation 

3 and Figure 4 was modelled using equation 5. The model produced similar results for the single sorption 

Langmuir isotherms (Figure 3) based on the initial concentrations used in the study by Maimaiti et al. 

(2018). However, the Langmuir isotherm for PFOS reported in Maimaiti et al. (2018) had a bad fit (R2 

= 0.71), especially at higher concentrations. 

 

   
Figure 3. Modelled single solute sorption isotherms based on the Langmuir single solute sorption parameters and 

initial concentrations (Cin= 50 mg L-1, 70 mg L-1,90 mg L-1, 150 mg L-1, 300 mg L-1 and 400 mg L-1 for all PFASs) 

reported in Maimaiti et al. (2018). System condition included: V = 0.1 L and m = 0.01 g AE resin (IRA910). (Lines 

are included for visual purposes only.)  

 

The increase in sorbed concentrations from Cin = 0.01 to 0.02 mmol L-1 in the multi-solute system  

(Figure 4) before the decrease in the sorbed concentrations for Cin ≥ 0.05 mmol L-1 (Figure 4) is similar 

to the sorption behaviour seen in the kinetic bi-solute sorption experiments in Maimaiti et al. (2018) as 

well as in Wang et al. (2019), indicating higher competition at higher concentrations. The removal 

efficiency for  Cin = 0.1 mmol L-1 in the modelled multi-solute system is also similar for PFHxS (52 %), 

PFOA (34 %) and PFBA (3 %) compared to the removal efficiencies reported in the mixed system 
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kinetic study (Figure A1) by Maimaiti et al. (2018, Figure 6 p. 500), while the model underestimates the 

removal efficiency of PFOS (15 %) and overestimates the sorption of PFBS (34 %) and PFHxA (29 %) 

when compared to the values reported in Maimaiti et al. (2018). 

The modelled sorption of PFOA and PFBS in the multi-solute system is very similar (Figure 4). The 

sorption of PFOA and PFBS was also similar in the mixed system reported by Li et al. (2019, Figure 2, 

p. 508), where the sorption to soil was represented by Freundlich isotherms (Table A3). However, in Li 

et al. (2019) PFBS sorbed slightly stronger compared to PFOA. The average removal efficiency for 

PFOA and PFBS in a mixed system by an AE resin column in McCleaf et al. (2017) was also similar 

(65 % for both PFOA and PFBS). 

 
 

 
Figure 4. Modelled mixed solute system Langmuir sorption isotherms based on the single solute sorption 

Langmuir isotherms parameters reported in Maimaiti et al. (2018). The isotherms were created using initial 

concentrations (Cin) of 0.01 mmol L-1, 0.02 mmol L-1, 0.05 mmol L-1, 0.1 mmol L-1, 0.5 mmol L-1 and 1 mmol L-1 

for each individual PFAS. System conditions included: V = 0.25 L and m = 0.0125 g AE resin (IRA910) (Lines 

are included for visual purposes only.)  

 

By comparing the removal efficiencies of the modelled single solute systems and the multi-solute system 

(Figure 5), the reduction in the removal efficiency for PFBA, PFHxA, PFOA, PFBS, PFHxS and PFOS 

(Cin = 0.1 mmol L-1) were 75 %, 37 %, 32 %, 32 %, 19 % and 56 % respectively when the system 

conditions were the same as for the single solute system. A similar pattern could be seen when using the 

same system conditions as for the multi-solute system for both systems (Figure A2). 
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Figure 5. Modelled removal efficiencies of PFBA, PFHxA, PFOA, PFBS, PFHxS and/or PFOS by anion exchange 
(AE) resin (IRA910) in single solute systems and a multi-solute system containing all 6 PFASs. Calculations were 
based on data from Maimaiti et al. (2018), using equation 3 and 5. System conditions included: V = 0.1 L DI 
aqueous solution, m = 0.01 g AE resin, Cin= 0.1 mmol L-1 for both the single and multi-solute systems. 
 

The single solute sorption isotherms from Maimaiti et al. (2018) (Table A1) were also used to model bi-

solute systems using equation 5. This produced similar results for the highest sorbed concentrations as 

in the kinetic study reported by Maimaiti et al. (2018, Figure 4 p. 498) for the sorption of PFHxS (Cs = 

3.25 mmol g-1) in solution with PFBA (Cs = 0.13 mmol g-1), as well as for PFOA (Cs = 1.21 mmol g-1) 

in solution with PFHxS (Cs = 2.21 mmol g-1). Since the model could predict the approximate sorbed 

concentrations for these three PFASs, they were chosen for continued modelling of bi-solute systems. 

Modelling PFOA in bi solution with PFBA also enabled comparing the modelled values to the 

experimental results of Wang et al. (2019). 

Surface diagrams were created (Figure 6) based on modelled values for bi-solute systems where the 

initial concentrations of both compounds were varied. Based on these results, there seems to be a strong 

competition between PFHxS and PFBA. Only when the initial concentration of PFHxS is low (0.1 mmol 

L-1), the sorption of PFBA in the modelled bi-solute system increases. For PFHxS in solution with 

PFOA, the change in sorbed concentration of both PFHxS and PFOA is more gradual, indicating 

stronger competitive effects between PFHxS and PFBA compared to bi-solute sorption between PFHxS 

and PFOA.  
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Figure 6. Surface diagram showing the modelled change in sorbed concentration (Cs) of three different PFASs in 
bi-solute systems depending on the initial spiked concentration (Cin) of both compounds. Cin = 0.1 mmol L-1, 0.5 
mmol L-1, 0.7 mmol L-1, 1.0 mmol L-1 and 2.0 mmol L-1. System conditions included: V = 0.1 L, m = 0.01 g AE 
based on Maimaiti et al. (2018).  
 
The removal efficiencies shown in Figure 7 also follow the same pattern as in Figure 6, where the 

removal of PFBA at different initial concentrations is heavily affected by the presence and concentration 

of PFOA. However, even if the removal of PFOA is not as affected by the presence of PFBA as the 

other way around, the removal efficiency is still reduced by almost half by the presence of PFBA at 

higher concentrations. 

The modelled sorbed concentrations of PFBA and PFOA in bi-solute systems displayed in Table 2 

agree well with the results from the kinetic competitive sorption study between PFBA and PFOA (Figure 

A3) presented by Wang et al. (2019, Figure 3 p. 659). The results show an increasing competition with 

increasing initial concentrations, as the sorbed concentration of PFBA decreases while the sorbed 

concentration of PFOA increases. 
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Figure 7. Modelled removal efficiency of PFOA (top) and PFBA (bottom) at different initial concentrations (Cin 
= 0.1 to 2.0 mmol L-1) in a single solute system and in bi-solute systems with PFBA or PFOA of varying initial 
concentrations (Cin = 0.1 to 2.0 mmol L-1). System conditions included: V= 0.18 L, m = 0.003492 g AE resin and 
were based on data from Wang et al. (2019). 
 
Table 2. Modelled sorbed concentrations in bi-solute systems of PFBA and PFOA based on Langmuir parameters 
KL and Q from batch sorption tests in Maimaiti et al. (2018), while system conditions and initial concentrations 
were based on Wang et al. (2019).  

PFAS Cin Cs Removal efficiency SSE 
 mmol L-1 mmol g-1 % mmol2 
PFOA 0.01597 0.77956 94.7 7.1477E-18 
PFBA 0.01597 0.41039 49.9 1.8217E-18 
PFOA 0.07666 2.70442 68.4 4.6625E-18 
PFBA 0.07666 0.42554 10.8 5.4172E-18 
PFOA 0.15970 3.08529 37.5 1.3999E-17 
PFBA 0.15970 0.26577 3.2 1.0697E-16 
Cin = initial concentration 
Cs = sorbed concentration at equilibrium 
KL PFOA = 416.47 L mmol-1 
Q PFOA= 3.47 mmol g-1 
KL PFBA = 27.08 L mmol-1 
Q PFBA= 2.97 mmol g-1 
V = 0.18 L 
m = 0.003492 g anion exchange resin IRA67 
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The modelled results based on Langmuir single solute sorption isotherm parameters and system 

conditions for sorption by GAC reported in Zhang et al. (2019) using equation 3 (for single solute 

systems) and equation 5 (for multi-solute systems) are presented in Figure 8 and 9. The results in Figure 

8 are similar to the reported removal efficiencies using GAC in single- and mixed solute systems 

investigated by the authors (Zhang et al., 2019, Figure 5 p. 9). However, the modelled results for PFBS 

is lower than reported by Zhang et al. (2019) for both the single and multi-solute systems. This is caused 

by the Langmuir isotherm for PFBS, which has an R2 = 0.893 (Table A1) and underestimates the sorbed 

concentration (Zhang et al., 2019, Figure 2b, p.6).  

 

 
Figure 8. Modelled removal efficiency of PFOA, PFOS, PFBA and PFBS by GAC based on single solute system 
Langmuir isotherms from Zhang et al. (2019) and calculated according to equation 3 and 5. System conditions 
included: V = 0.1 L, m = 0.005 g GAC, Cin = 1000 µg L-1 as reported in the study (Zhang et al., 2019).  
 

 
Figure 9. Modelled Langmuir isotherms based on data from Zhang et al. (2019) using equation 3 and 5. System 
conditions included: V = 0.15 L, m = 0.0075 g GAC, Cin = 100 to 1000 µg L-1. 
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Du et al. (2015) reported a reduction in the removal of PFHxA, PFHpA, and PFOA in a mixed system 

compared to single solute systems, with a greater reduction for short-chained PFAS (Figure A4). The 

removal of the three PFASs in a multi-solute system compared to single sorption systems decreased by 

80 %, 68 %, and 28  %, respectively when removed by AE resin (IRA67), while these values were 63 

%, 70  %, and 35  % for removal by a bamboo derived activated carbon (BAC) (Du et al., 2015). When 

modelled using equation 3 and 5 and the single solute sorption isotherms from Du et al. (2015) (Table 

A1) the removal efficiency decreased by 7 %, 22 % and 46 % (BAC) and 4 %, 22 % and 37 % (IRA67) 

for PFHxA, PFHpA, and PFOA respectively (Figure 10). This indicates that the isotherms presented in 

Du et al. (2015) could not be used to predict the sorbed concentrations. 

 
 

 
Figure 10. Removal efficiency of PFHxA, PFHpA and PFOA by sorption to bamboo derived granular activated 
carbon BAC (left) and anion exchange resin IRA67 (right) based on Langmuir single sorption isotherms and system 
conditions reported in Du et al. (2015) and modelled using equation 3 (single solute systems) and 5 (multi-solute 
system). System conditions: V = 0.1 L, m = 0.02 g BAC or 0.008 g IRA67, Cin = 0.10 mmol L-1 PFHxA, 0.11 mmol L-1 
PFHpA or/and 0.29 mmol L-1 PFOA.  
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Langmuir parameters were also calculated from Freundlich isotherms from Regenesis (2019) using 

equation 4. This resulted in the following Langmuir parameters: KL = 1904.8 L mmol-1, Q = 0.175 mmol 

g-1, R2 = 0.9959, p-value = 7.52*10-11 for PFOA and KL = 442.31 L mmol-1, Q = 0.318 mmol g-1, R2 = 

0.951, p-value = 1.6*10-06 for PFOS. These were then used to model sorption isotherms in single- and 

bi-solute systems using equation 3 and 5 (Figure 11). As there were no system conditions specified for 

the sorption in Regenesis (2019), these were assumed as an aqueous volume of 40 mL, a sorbent mass 

of 2 mg and initial PFAS concentrations ranging from 0.01 to 8 mg L-1. 

 
 

 
Figure 11. Langmuir sorption isotherms for PFOA and PFOS sorbed to CAC in modelled single- and bi-solute 
systems using equation 3 and 5. The Langmuir parameters (R2 > 0.95, p << 0.05) were recalculated from 
Freundlich parameters published in Regenesis (2019). System conditions were estimated to be V= 0.04 L and m 
= 0.002 g, Cin= 0.01 to 8 mg L-1. 
 
 
The model could in general predict the aqueous equilibrium concentration based on the initial spiked 

concentrations well. The modelled SSE was on average times a factor of between 10-8 and 10-18 for all 

the modelled systems. In general, the SSE was higher for the multi-solute systems as the modelled 

sorption is dependent on multiple aqueous concentrations.  
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4. Discussion 
 

4.1 Factors influencing the modelled results 
 
4.1.1 The sorption isotherm parameters 
 
The Langmuir competitive sorption model (Equation 5) could not be used to fully describe the 

competitive sorption in the multi-solute system based on data from Maimaiti et al. (2018). All of the 

investigated studies that studied bi- and/or multi-solute systems reported that PFOS sorbed stronger than 

all shorter PFASs (Higgins & Luthy, 2006; Deng et al., 2012; Zaggia et al., 2016; McCleaf et al., 2017; 

Maimaiti et al., 2018; Wang et al., 2019; Li et al., 2019), while this was not the case in the modelled 

results (Figure 4). It is difficult to properly evaluate the model performance for the Maimaiti et al. (2018) 

data since the Langmuir model for the single sorption isotherm for PFOS had a bad fit (R2 = 0.71). This 

influences the model performance for all bi- and multi-solute systems containing PFOS. Furthermore, 

as the sorption of PFOS in both the single solute system isotherm (Maimaiti et al., 2018, Figure 3) and 

the single, bi- and multi-solute sorption kinetic studies had not reached equilibrium (ibid. Figure 2, 5, 6 

& 8), this further influences the possibility of using the Langmuir competitive sorption model for this 

data as the model assumes the system is in equilibrium. This could also be indicative for PFOS replacing 

shorter, and less hydrophobic PFASs, in bi- or multi-solute systems, as the sorbed concentration of these 

compounds continued to decrease while the sorbed concentration of PFOS increased. This would be in 

line with the desorption of short-chained PFASs (PFBA, PFPeA) seen by McCleaf et al. (2017). 

The low sorbed concentrations for PFOS in the modelled results is an effect of the low value of the 

Langmuir parameters KL and Q reported for this compound in the single sorption batch experiments 

(Maimaiti et al., 2018). The modelled results for PFOS improved slightly when using a Q = 3.5 mmol 

g-1, more similar to the highest experimental value for the PFOS isotherm (Maimaiti et al., 2018, Figure 

3, p. 497) although, the low value of KL still affected the modelled total sorbed concentration for PFOS 

to be underestimated. The lower value of KL for PFOS in a single solute sorption system compared to 

some shorter-chained PFASs is however consistent with other studies using different types of sorbents 

(Yu et al., 2009; Chularueangaksorn et al., 2014; Zhao et al., 2014; Deng et al., 2015b; Regenesis, 2019). 

Some studies also reported lower KF-values for PFOS in single sorption experiments compared to 

shorter-chained PFASs (Deng et al., 2012; Zhao et al., 2014).  

Gao et al. (2017), studied the sorption of PFOS in a single solute system similar to the one in Maimaiti 

et al. (2018), although using another type of AE resin (Table A1). The Langmuir parameter KL was then 

89006 L mmol-1 and Q = 4.442 mmol g-1 (R2 = 0.793). However, in Gao et al. (2017) the pH was kept 

at 3, which probably influenced the high level of sorption compared to the higher pH 6 used in Maimaiti 

et al. (2018). As was seen in Wang et al. (2019) a pH of 3 increased the sorption of PFOS on AE resin 

(IRA67) compared to sorption at higher pH. Deng et al. (2010) also investigated the sorption of PFOS 

on several AE resins using an initial concentration of 400 mg L-1 PFOS, in which the maximum sorption 
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capacity was between 4 to 5 mmol g-1 (Deng et al., 2010). However, as was reported by Deng et al. 

(2010), the sorption capacity varied between different types of AE resins and the AE resin used in 

Maimaiti et al. (2018) was not one of the studied resins in Deng et al. (2010). Furthermore, Deng et al. 

(2010) reported that the maximum sorbed concentration of PFOS exceeded the exchange capacity of the 

resin, indicating multilayer sorption of PFOS, just as the sorbed concentration of PFOS was higher 

compared to the chloride released in Maimaiti et al. (2018).  

From the sorption analysis based on the Regenesis study for PFOS and PFOA sorption on CAC 

(Regenesis, 2019 Figure 2 and 3, p.3), the calculated Langmuir parameter was KL = 442.31 L mmol-1 

for PFOS, compared to KL = 1904.8 L mmol-1 for PFOA. The sorbed concentration of PFOS increased 

more slowly compared to PFOA, but reached a higher total sorbed concentration (Regenesis, 2019). 

Even if the calculated Langmuir parameters could describe the sorption in single solute systems (R2 > 

0.95, p << 0.05), they could not be used to describe the sorption in a bi-solute system using equation 5. 

The same problem occurred while using data from Deng et al. (2015b) where the Langmuir parameters 

for PFOA sorption to bamboo derived GAC was KL = 157.1 L mmol-1 and Q = 1.03 mmol g-1 (R2 = 

0.869), while for PFOS, KL= 52.2 L mmol-1 and Q = 2.20 mmol g-1 (R2 = 0.910). 

Furthermore, the Langmuir models (equation 3 and 5) could not be used to predict neither the single 

solute sorption removal efficiency nor the multi-solute sorption removal efficiency reported in Du et al. 

(2015, Figure 6, p. 141). The reported values of KL decreased with increasing C-F chain length even if 

it was the opposite for Q (Table A1). The isotherms reported in the study were created using different 

initial concentrations for the three PFASs studied and the sorbent dose was changed to create the 

isotherms, in contrast to the other studies included in this study (Table A1) where the initial spiked 

PFAS concentrations were changed while the sorbent dose was kept constant. This may have influenced 

the possibility of using the model to predict the sorption even in single solute systems.  

 

4.1.2 Concentration range and micelle formation 
 
The poor fit of the Langmuir model to the PFOS data (R2 = 0.71, Maimaiti et al., 2018) could be 

explained by micelle formation as discussed by the authors in Maimaiti et al. (2018) as well as in Yu et 

al. (2009), McCleaf et al. (2017) and Zaggia et al. (2016). Micelle formation would increase the number 

of molecules adsorbed beyond the number of sorption sites available for shorter-chained and less 

hydrophobic PFASs, which will not undergo micelle formation at the studied concentration range. This 

indicates that a Langmuir model is not suitable for describing the sorption of PFOS at concentrations 

near or above the CMC. Other studies have also shown that the Freundlich isotherm was more suitable 

to describe the sorption of PFOS to AE resin at such high concentrations (Deng et al., 2010; Gao et al., 

2017).  

In Yu et al. (2009), PFOS sorbed less efficiently to the AE resin (AI400) compared to PFOA, and 

this was thought to be due to their larger molecular size. The initial concentration of 20 to 250 mg L-1 ( 
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~0.04 - 0.5 mmol L-1) PFOS used by Yu et al. (2009) is well below the CMC of 8 mmol L-1 (Table 1), 

but some hemi-micelles may still form as micelle and hemi-micelle formation can occur as low as 0.1 

to 0.001 times the CMC (Schwarzenbach et al., 2003). PFOS forming hemi-micelles or micelles can 

then block the pores and prevent intraparticle diffusion of other PFOS molecules (Yu et al., 2009), 

resulting in the slower equilibrium time (Maimaiti et al., 2018) and potentially the lower KL-values for 

PFOS in single solute systems. This would also affect the sorption of other PFAS compounds in co-

solution with PFOS, as the larger PFOS molecules and micelles can block the sorption sites for shorter, 

less hydrophobic compounds. Micelle formation thus makes the sorption not as dependent on the total 

number of sorption sites for longer-chained PFASs, while the number of sorption sites heavily affects 

the sorption of shorter compounds such as PFBA, which will not undergo micelle formation. 

The Langmuir competitive sorption isotherm was more successful when modelling multi-solute 

sorption based on Zhang et al. (2019). This may be attributed to the much lower initial concentrations 

where the highest used concentration (1000 µg L-1) is well below the CMC for PFOS. Then there would 

not occur micelle formation and a monolayer adsorption is more likely. The Langmuir isotherms also 

had a higher R2 compared to the Freundlich isotherms (Table A1 and A2), except for PFBS. The failed 

attempt to model the results from Du et al. (2015) may also be influenced by micelle formation for 

PFOA, as 0.29 mmol L-1 is within the 0.1 to 0.001 range of the CMC of 25 mmol L-1 (Table 1). 

In a multi compound system, the total concentration of PFASs could perhaps influence the micelle 

formation of e.g. PFOS, as the sorption of PFOS seems to benefit from having other compounds in the 

system. The total initial concentration in the single solute system investigated by e.g. Maimaiti et al. 

(2018) is much lower compared to the total initial concentration in the multi-solute system. Comparing 

the removal efficiency of 0.1 mmol L-1 of PFOS in a single solute system with the removal efficiency 

of 0.1 mmol L-1 of PFOS in a multi-solute system will tell us something about how much of the 0.1 

mmol L-1 PFOS that have been removed in each system, but the total concentration in e.g. the 6 

compound multi-solute system used in Maimaiti et al. (2018) was 0.6 mmol L-1 PFASs. If the total PFAS 

concentration contributes in reaching the CMC, then there is a greater chance for micelle formation in 

the mixed system compared to the single solute system. This may suggest that micelle formation is an 

important sorption mechanism for PFOS and other long-chained PFASs.  

Furthermore, the fact that the total concentration in the multi-solute system is higher compared to 

the single solute system is a problem for all the multi-solute sorption systems. In Figure 7, for example, 

the removal efficiency of PFOA decreases in the presence of PFBA, and vice versa. It is however 

important to keep in mind that the total initial concentration in the multi-solute system is higher 

compared to the single solute system, even if the concentrations of the individual PFASs are the same 

as for the single solute systems. This may be particularly problematic when using a Langmuir based 

model, which assumes that there is a limited number of sorption sites. However, the competitive sorption 

behaviour between for example PFOA and PFBA can still be seen as the sorption of PFOA is not as 

affected by the presence of PFBA as the other way around (Figure 7). The competitive sorption can also 
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be seen when comparing the sorption of each PFAS in Figure A2, where the sorption is compared using 

an initial concentration of both 0.1 mmol L-1 and 0.6 mmol L-1 for the single solute sorption to compare 

the sorbed concentration of 0.1 mmol L-1 of each PFAS in a mixed system, with a total PFAS 

concentration of 0.6 mmol L-1.  

 
4.1.3 Different kinds of sorption 
 
As previously mentioned, long-chained PFASs are removed primarily through hydrophobic effects, 

while short-chained PFASs that are more hydrophilic are primarily removed through ion exchange 

(Carter & Farrell, 2010; Zaggia et al., 2016; Maimaiti et al., 2018). The modelled results for bi-solute 

sorption (Figure 6 and 7) showed strong competition between PFHxS and PFBA and between PFOA 

and PFBA, where PFHxS and PFOA outcompete PFBA. The competition was less prominent for bi-

solute sorption between PFHxS and PFOA (Figure 6). PFHxS and PFOA are much more hydrophobic 

compared to PFBA, while PFHxS is only slightly less hydrophobic than PFOA (Table 1). The similar 

sorption of PFBS and PFOA seen in Figure 4 can however not be attributed to having the same 

hydrophobicity, as PFBS is less hydrophobic compared to PFOA. 

In Deng et al. (2012) PFOA sorbed stronger compared to PFHxS while sorbed to SWCNT, where 

the competitive sorption decreased in the order of PFOS > PFOA > PFHxS > PFHxA > PFBS > PFBA. 

In Maimaiti et al. (2018) PFHxS sorbed stronger than PFOA, and the sorption decreased in the order of 

PFOS > PFHxS > PFOA > PFBS > PFHxA > PFBA. The sulfonate functional group may be more 

effective while sorbing to AE resins as ion exchange is the major process, even if hydrophobic sorption 

also occurs (Maimaiti et al., 2018; Carter & Farrell, 2010), while PFOA may be more competitive 

compared to PFHxS when sorbing to a hydrophobic sorbent such as SWCNT. Different sorption 

mechanisms can be prevalent for PFAS sorption to different adsorbents. To determine the extent to 

which the functional group affects the competitive sorption to different sorbents more studies are 

needed.  

 
 

4.2 What are the knowledge gaps? 
 

As previously discussed in Wang et al. (2019), the competitive effects increase with increasing PFAS 

concentrations (Figure 6 and Table 2), which further emphasizes the need to construct sorption isotherms 

for different initial concentrations in bi-solute and multi-solute systems. By conducting such 

experiments, the competition effects can be investigated, and surface diagrams can be constructed. Such 

diagrams can then be used when dimensioning remediation efforts or designing sorption experiments.  

A further limitation is that most experiments are conducted using pure water, without DOC or other 

compounds that can affect the sorption (e.g. SO4
2-, NO3

- ). As was reported by Deng et al. (2015a) the 

presence of HA and phenol affected the removal efficiency of PFBS, PFHxS, PFOS and PFOA on 
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MWCNTs. The negative effect was greater for the long-chained PFOS and PFOA, compared to PFBS 

and PFHxS, which was attributed to their hydrophobicity (Deng et al., 2015a). Other studies have shown 

that the presence of DOC may increase the removal of long-chained PFASs though complexation and 

the formation of aggregates (Kothawala et al., 2017). Conducting competitive sorption experiments 

including DOC would therefore increase the knowledge of what role DOC plays in the competitive 

sorption among PFASs in a multi compound system.  

Furthermore, it would be of interest to see what effects other co-existing chemicals have on the 

remediation techniques, such as from hydrocarbons or chlorinated compounds. Such compounds may 

not have the same life span as PFASs since they can biodegrade in nature (Suarez & Rifai, 1999) but 

they may influence the initial removal efficiency of the treatment method. The effect from hydrocarbons 

may be especially important at contaminated firefighting training sites where hydrocarbon fuels may 

have been used prior to AFFFs. 

Many studies also compare sorption of PFASs with the same total number of carbons, such as PFBA 

and PFBS, PFHxA and PFHxS, or PFOA and PFOS (Yu et al., 2009; Yao et al., 2014; Deng et al., 

2015b; Zaggia et al. 2016; Maimaiti et al., 2018; Zhang et al., 2019) and not the same C-F chain lengths. 

As it has been established that the carbon chain length greatly influences the sorption, more studies 

should focus on PFASs of the same carbon chain length, such as PFPeA and PFBS, PFHpA and PFHxS, 

or PFNA and PFOS. This would help establishing to what extent the functional group affects the 

competitive sorption. 

 
 

4.3 Evaluation of model performance 
 
The Langmuir competitive sorption model (equation 5) was chosen for the modelling as it only required 

single solute sorption isotherm data as input and the Langmuir isotherm model had in general a better 

fit (higher reported R2) compared to the Freundlich isotherm model in the investigated studies (Table 

A1 and A2). The model provides a rough estimation of the extent of competition between the different 

compounds. It can capture the general tendency of larger compounds outcompeting shorter compounds 

for sorption sites, and that PFSAs outcompete PFCAs. However, the model sometimes fails to predict 

the extent of the competition. 

In order to produce accurate predictions regarding the competitive sorption between PFASs, this 

model seems to require isotherms that describes the single solute sorption very well (R2 > 0.9). For R2 

< 0.9, the model over- or underestimated the removal efficiency. The competitive multi compound 

Langmuir model is also heavily dependent on the KL-parameter. If the sorption behaviour of a compound 

is different in a single solute system compared to a multi-solute system, the model will produce 

inaccurate results. 
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4.4 Uncertainties 
 
It is important to note that both parameters used to minimize the SSE are modelled values based on 

assumed aqueous concentrations at equilibrium. These are in turn based on the published sorption 

isotherms that are models fit to observations, which also introduces uncertainties in the data. All 

isotherm-values reported in Table A1 are thereby estimates. Most of the isotherms are fitted to an 

average value of duplicate or triplicate experimental samples with a certain standard deviation value. 

Additionally, there are standard deviations between the fitted isotherm model and the averaged data 

points. Furthermore, errors arise from modelling values based on these isotherm parameters, as well as 

when recalculating and fitting a new form of isotherm to reported isotherms (e.g. recalculating 

Freundlich parameters into Langmuir parameters). The model therefore includes a number of 

uncertainties that may be amplified. All results from this study would therefore have to be verified with 

experimental studies. However, that being said the main uncertainty is the lack of data. Without the 

necessary parameters and quantity of data, the modelling is difficult to perform and evaluate.  

Very high concentrations have been used in many of these studies (Table A1), which do not represent 

environmental concentrations (Ateia et al., 2019). It is possible that the sorption mechanisms inferred 

by data collected at much higher concentrations than environmental concentrations are not applicable to 

dilute solution conditions (Higgins and Luthy, 2007). However, when applying adsorption-based 

remediation techniques, PFAS will accumulate in the sorbent, which could cause the concentrations to 

increase beyond the CMC (McCleaf et al., 2017). This would mean micelle forming PFAS such as PFOS 

will be more effectively removed from, for example, the groundwater compared to short-chained PFAS 

like PFBA and could lead to desorption of previously captured compounds over time, as seen in McCleaf 

et al. (2017).  

 
 

4.5 Challenges and opportunities of future modelling studies 
 
The additional Langmuir competitive sorption models presented in this study may prove more accurate 

as they include parameters based on multi-sorption systems.  Furthermore, as the Freundlich isotherm 

sometimes has a better fit compared to the Langmuir isotherm (Gao et al., 2017; Zhang et al., 2019; Li 

et al., 2019), using the Freundlich based bi- and multi-solute models to predict competitive sorption 

could produce better results. Especially since previous studies investigating competitive sorption of 

other compounds found the Freundlich isotherm-based models more accurate (McKay & Al Duri, 1989; 

Gutierrez & Fuentes, 1993; Suresh et al., 2018; Hilbrandt et al., 2019).  

It could also be possible to model the effect of different organic molecules on the competitive 

sorption of PFAS, such as from different types of DOC or hydrocarbon fuels based on already existing 

isotherm data. However, in order to evaluate these effects, there would have to be research conducted 

on the co-sorption of such compounds together with PFASs. 
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One of the major disadvantages while modelling PFAS sorption is that the sorption of PFAS is 

concentration dependent, as well as dependent on multiple other factors such as the properties of the soil 

and/or sorbent and the water quality. This means an extensive amount of experiments have to be 

conducted in order to determine the specific sorption parameters for each new study site. The hope for 

future research within this field is to be able to further investigate the patterns in which the sorption is 

affected by different parameters, such as changes in pH, salinity, DOC content and the number of PFAS 

present in the system, as well as their concentration. If these effects on the sorption can be generalized, 

then it would be possible to dimension a model for a new site with minimal testing and experiments.  

The conceptual model may be that PFAS sorption mainly occurs through three mechanisms: 

hydrophobic interaction, ion exchange and micelle formation. A model for competitive sorption of 

PFASs may therefore need to be constructed with different components for the different sorption 

mechanisms. It should also be considered that e.g. the micelle formation can be dependent on the other 

processes, or the other way around. Additional factors to consider are the effects from solution pH and 

type of sorbent. 

The competitive sorption models could then be implemented in a groundwater flow- and transport 

model, which would aid the design of remediation measures and decrease the number of experiments 

needed in order to dimension remediation efforts. 
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5. Conclusions 
 
The mechanisms behind competitive sorption among PFASs have been investigated and potential 

mathematical models to describe this sorption have been suggested. The main competitive sorption 

mechanism for PFAS is hydrophobic adsorption where long-chained PFASs outcompete short-chained 

and less hydrophobic PFASs. Furthermore, the competitive sorption among PFASs is mainly affected 

by their concentration and the functional head group of the molecules, where competition increase with 

increasing PFAS concentration, and PFSAs outcompete PFCAs. Sorption is also affected by the 

presence of other competing compounds, such as DOC. In the current literature there is a paucity of 

experimental data on competitive sorption among PFASs and other compounds such as HA/DOC. In 

particular, there is a need to quantify the effect of DOC and other competing solutes, such as 

hydrocarbons or other fluorinated compounds, on the sorption of PFASs, to be able to predict the 

transport and fate of PFASs in natural environments. 

As the sorption processes for PFASs are complex and involve several different sorption mechanisms 

applying a simple model to describe the competitive sorption behaviour proved to be difficult. The 

multi-compound Langmuir model evaluated in this study showed promising results for certain PFASs 

under certain conditions. However, the model could not explain the multi-solute sorption behaviour of 

PFOS at higher concentrations, which is potentially attributed to micelle formation. Therefore, 

Freundlich based multi-sorption isotherm models may prove to be more suitable. However, in order to 

apply these models, more research is needed to evaluate the competition parameters required for this 

type of modelling.  

Suggestions for further research is therefore to model competitive sorption using Freundlich multi-

compound isotherms, which would require further experiments to be conducted. Overall more single 

sorption isotherm experiments for different PFASs at a wide range of concentrations and environmental 

conditions would have to be conducted in order to properly evaluate if this type of modelling would be 

a possible way to predict the competitive sorption. Furthermore, more experiments investigating bi- or 

multi-solute systems where the concentrations of different PFASs are varied could be conducted to see 

how the concentration affects the competitive sorption between different PFASs, and thereby e.g. 

estimate the lifetime of a remediation method. These experiments are also needed for the Freundlich 

multi-solute sorption models. It is also suggested that more studies should focus on PFASs of the same 

carbon chain length, and not only the same total number of carbons, as well as including neutral 

compounds such as FOSA. Further studies focusing on short-chained PFASs, both regarding health 

effects and their sorption behaviour are also encouraged. 

As PFASs are emerging contaminants of concern and a fairly recent field of research, there are still 

no uniform ways of conducting experiments or reporting the results, which can lead to experimental 

bias. The development of such guidelines would further benefit the scientific community. 
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Appendix  
 

 
 
Figure A1. Figure 6 from Maimaiti et al. (2018, p 500). Reused with permission from the publisher Elsevier. 
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Figure A2. Modelled removal efficiencies of six different PFASs in two different systems; a and b, based on 
single solute sorption Langmuir isotherms and system conditions in Maimaiti et al. (2018). System conditions 
included V = 0.1 L and m = 0.01 g for system a, and V = 0.25 L and m = 0.0125 g for system b. Initial 
concentrations of both 0.1 mmol L-1 and 0.6 mmol L-1 were applied for the single solute systems, and an initial 
concentration of 0.1 mmol L-1 for each individual PFAS in a mixed multi-solute system (resulting in a total PFAS 
concentration of 0.6 mmol L-1).  
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Figure A3. Figure 3 from Wang et al. (2019, p. 659). Reused with permission from the publisher Elsevier. 
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Figure A4. Figure 6 from Du et al. (2015, p.141). Reused with permission from the publisher Elsevier. 
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Table A1. Langmuir parameters for single solute sorption isotherms. (Some parameters have been recalculated into molar units from mass units) 
PFAS Cin Sorbent pH V m KL Q R2 Reference 
    L g L mmol-1 mmol g-1   
PFOS 25 to 400 mg L-1 AE IRA67 3 0.2  0.01  89006  4.442  0.793 Gao et al. 2017 
          
PFOA 20 to 250 mg L-1 BdGAC 5 0.1 0.01 157.1 1.03 0.869 Deng et al. 2015b 
PFOS 20 to 250 mg L-1 BdGAC 5 0.1 0.01 52.2 2.20 0.910 Deng et al. 2015b 
          
PFOA 20 to 250 mg L-1 AE AI400 5 0.1 0.01 69 2.92 0.967 Yu et al. 2009 
PFOS 20 to 250 mg L-1 AE AI400 5 0.1 0.01 69 0.42 0.944 Yu et al. 2009 
PFOA 20 to 250 mg L-1 GAC 5 0.1 0.01 18 0.39 0.965 Yu et al. 2009 
PFOS 20 to 250 mg L-1 GAC 5 0.1 0.01 39 0.37 0.964 Yu et al. 2009 
          
PFBA 50 to 400 mg L-1 AE IRA910 6 0.1 0.01 27.08 2.97 0.98 Maimaiti et al. 2018 
PFHxA 50 to 400 mg L-1 AE IRA910 6 0.1 0.01 337.25 3.47 0.97 Maimaiti et al. 2018 
PFOA 50 to 400 mg L-1 AE IRA910 6 0.1 0.01 416.47 3.47 0.98 Maimaiti et al. 2018 
PFBS 50 to 400 mg L-1 AE IRA910 6 0.1 0.01 422.84 3.41 0.98 Maimaiti et al. 2018 
PFHxS 50 to 400 mg L-1 AE IRA910 6 0.1 0.01 873.16 3.41 0.98 Maimaiti et al. 2018 
PFOS 50 to 400 mg L-1 AE IRA910 6 0.1 0.01 177.51 2.79 0.71 Maimaiti et al. 2018 
          
PFBS 15 to 150 mg L-1 GAC 7 0.1 0.1  10.203 0.329 0.985 Ochoa-Herrera & Sierra-Alvarez, 2008 
PFOA 15 to 150 mg L-1 GAC 7 0.1 0.1  15.697 0.271 0.968 Ochoa-Herrera & Sierra-Alvarez, 2008 
PFOS 15 to 150 mg L-1 GAC 7 0.1 0.1  62.017 0.473 0.959 Ochoa-Herrera & Sierra-Alvarez, 2008 
          
PFHxA 0.10 mmol L-1 BAC 4 0.1 0.005 to 0.15 506.41 0.06 0.95 Du et al. 2015 
PFHpA 0.11 mmol L-1 BAC 4 0.1 0.005 to 0.15 294.26 0.18 0.94 Du et al. 2015 
PFOA 0.29 mmol L-1 BAC 4 0.1 0.005 to 0.15 133.26 1.03 0.86 Du et al. 2015 
PFHxA 0.10 mmol L-1 AE IRA67 4 0.1 0.005 to 0.15 108 0.12 0.91 Du et al. 2015 
PFHpA 0.11 mmol L-1 AE IRA67 4 0.1 0.005 to 0.15 45.01 0.53 0.96 Du et al. 2015 
PFOA 0.29 mmol L-1 AE IRA67 4 0.1 0.005 to 0.15 32.2 2.82 0.98 Du et al. 2015 
          
PFHpA 0.5 to 10 mg L-1 GAC 5 0.05 0.01 14.522 0.114 0.99 Zhang et al. 2016 
PFOA 0.5 to 10 mg L-1 GAC 5 0.05 0.01 20.653 0.127 0.97 Zhang et al. 2016 
PFOS 0.5 to 10 mg L-1 GAC 5 0.05 0.01 34.9384 0.145 0.99 Zhang et al. 2016 
          

 



 
 

42 

Table A1. Continued. Langmuir parameters for single solute sorption isotherms. (Some parameters have been recalculated into molar units from mass units) 
PFAS Cin Sorbent pH V m KL Q R2 Reference 
    L g L µmol-1 µmol g-1   
PFBA 100-1000 µg L-1 GAC 7 0.15 0.0075 0.3 23.98 0.941 Zhang et al. 2019 
PFBS 100-1000 µg L-1 GAC 7 0.15 0.0075 0.43 31.44 0.893 Zhang et al. 2019 
PFOA 100-1000 µg L-1 GAC 7 0.15 0.0075 1.48 86.21 0.989 Zhang et al. 2019 
PFOS 100-1000 µg L-1 GAC 7 0.15 0.0075 4.5 123.45 0.963 Zhang et al. 2019 
          
PFHxA 10-1200 µg L-1 Montmorillonite 7 0.05 0.02 5.447 0.109 0.9978 Zhao et al. 2014 
PFOA 10-1200 µg L-1 Montmorillonite 7 0.05 0.02 2.561 0.261 0.9928 Zhao et al. 2014 
PFHxS 10-1200 µg L-1 Montmorillonite 7 0.05 0.02 1.357 0.862 0.9851 Zhao et al. 2014 
PFOS 10-1200 µg L-1 Montmorillonite 7 0.05 0.02 1.348 0.589 0.9765 Zhao et al. 2014 
PFHxA 10-1200 µg L-1 Kaolinite 7 0.05 0.02 4.539 0.115 0.9937 Zhao et al. 2014 
PFOA 10-1200 µg L-1 Kaolinite 7 0.05 0.02 2.396 0.252 0.9975 Zhao et al. 2014 
PFHxS 10-1200 µg L-1 Kaolinite 7 0.05 0.02 1.397 0.782 0.986 Zhao et al. 2014 
PFOS 10-1200 µg L-1 Kaolinite 7 0.05 0.02 1.447 0.607 0.9874 Zhao et al. 2014 
PFHxA 10-1200 µg L-1 Hematite 7 0.05 0.02 1.722 0.188 0.997 Zhao et al. 2014 
PFOA 10-1200 µg L-1 Hematite 7 0.05 0.02 1.817 0.271 0.9979 Zhao et al. 2014 
PFHxS 10-1200 µg L-1 Hematite 7 0.05 0.02 1.237 0.927 0.9913 Zhao et al. 2014 
PFOS 10-1200 µg L-1 Hematite 7 0.05 0.02 1.198 0.625 0.9785 Zhao et al. 2014 
Cin= initial concentration 
V = volume aqueous phase used in experiment 
m = mass of adsorbent 
KL = Langmuir parameter 
Q = Langmuir isotherm parameter maximum sorption capacity 
AE = Anion exchange resin 
GAC = granular activated carbon 
BAC = Banboo derived activated carbon 
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Table A2. Freundlich parameters for single solute sorption isotherms. 
PFAS Cin Sorbent pH V m KF n R2 Reference 
    L g mmol1-nLng-1    
PFOS 25 to 400 mg L-1 AE IRA67 3 0.2  0.01  5.942  0.091 0.977 Gao et al. 2017 
          
PFOA 20 to 250 mg L-1 GAC 5 0.1 0.01 1.34 5.28 0.971 Deng et al. 2015b 
PFOS 20 to 250 mg L-1 GAC 5 0.1 0.01 3.20 3.41 0.977 Deng et al. 2015b 
          
PFOA 20 to 250 mg L-1 AE AI400 5 0.1 0.01 3.35 0.13 0.974 Yu et al. 2009 
PFOS 20 to 250 mg L-1 AE AI400 5 0.1 0.01 0.52 0.17 0.869 Yu et al. 2009 
PFOA 20 to 250 mg L-1 GAC 5 0.1 0.01 0.47 0.28 0.987 Yu et al. 2009 
PFOS 20 to 250 mg L-1 GAC 5 0.1 0.01 0.42 0.18 0.930 Yu et al. 2009 
          
PFOA 10 to 500 mg L-1 AE 5 0.01 0.01 166.78 0.97 0.92 Yao et al. 2014 
PFOS 10 to 500 mg L-1 AE 5 0.01 0.01 3909.13 0.9 0.73 Yao et al. 2014 
PFOA 10 to 500 mg L-1 GAC 5 0.01 0.01 1.256 0.35 0.93 Yao et al. 2014 
PFOS 10 to 500 mg L-1 GAC 5 0.01 0.01 1.455 0.29 0.95 Yao et al. 2014 
          
PFBA 0.02 µM to 0.4 mM SWCNT 7 0.04 0.01 0.065 0.597 0.950 Deng et al. 2012 
PFBS 0.02 µM to 0.4 mM SWCNT 7 0.04 0.01 5.887 1.539 0.991 Deng et al. 2012 
PFHxA 0.02 µM to 0.4 mM SWCNT 7 0.04 0.01 0.054 0.298 0.949 Deng et al. 2012 
PFHxS 0.02 µM to 0.4 mM SWCNT 7 0.04 0.01 157.1 1.504 0.958 Deng et al. 2012 
PFOA 0.02 µM to 0.4 mM SWCNT 7 0.04 0.01 0.259 0.391 0.999 Deng et al. 2012 
PFOS 0.02 µM to 0.4 mM SWCNT 7 0.04 0.01 1.605 0.402 0.998 Deng et al. 2012 

 
PFHxA 0.10 mmol L-1 BAC 4 0.1 0.005 to 0.15 0.09 7.37 0.74 Du et al. 2015 
PFHpA 0.11 mmol L-1 BAC 4 0.1 0.005 to 0.15 0.37 3.96 0.86 Du et al. 2015 
PFOA 0.29 mmol L-1 BAC 4 0.1 0.005 to 0.15 1.58 4.31 0.93 Du et al. 2015 
PFHxA 0.10 mmol L-1 AE IRA67 4 0.1 0.005 to 0.15 0.21 3.99 0.84 Du et al. 2015 
PFHpA 0.11 mmol L-1 AE IRA67 4 0.1 0.005 to 0.15 1.57 2.03 0.94 Du et al. 2015 
PFOA 0.29 mmol L-1 AE IRA67 4 0.1 0.005 to 0.15 5.69 2.19 0.93 Du et al. 2015 
      (mg PFOS g 

sorbent-1)*(mg 
PFAS/L)-n 

   

PFBS 15 to 150 mg L-1 GAC  0.1 0.1  9.3 0.463 0.959 Ochoa-Herrera & Sierra-Alvarez, 2008. 
PFOA 15 to 150 mg L-1 GAC  0.1 0.1  11.8 0.443 0.955 Ochoa-Herrera & Sierra-Alvarez, 2008. 
PFOS 15 to 150 mg L-1 GAC  0.1 0.1  60.9 0.289 0.969 Ochoa-Herrera & Sierra-Alvarez, 2008. 
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V = volume aqueous phase used in experiment 
m = mass of adsorbent 
KF = Freundlich parameter 
n = Freundlich non-linear parameter 
AE = Anion exchange resin 
GAC = granular activated carbon 
BAC = Bamboo derived activated carbon 
 

          
Table A2. Continued.  Freundlich parameters for single solute sorption isotherms. 
PFAS Cin Sorbent pH V m KF n R2 Reference 
    L g µmol1-nLng-1    
PFHpA 0.5 to 10 mg L-1 GAC 5 0.05 0.01 1.66 0.89 0.99 Zhang et al. 2016 
PFOA 0.5 to 10 mg L-1 GAC 5 0.05 0.01 2.42 0.89 0.97 Zhang et al. 2016 
PFOS 0.5 to 10 mg L-1 GAC 5 0.05 0.01 4.45 0.89 0.98 Zhang et al. 2016 
          
PFBA 100-1000 µg L-1 GAC 7 0.15 0.0075 5.12 0.77 0.936 Zhang et al. 2019 
PFBS 100-1000 µg L-1 GAC 7 0.15 0.0075 8.991 0.83 0.913 Zhang et al. 2019 
PFOA 100-1000 µg L-1 GAC 7 0.15 0.0075 82.14 0.71 0.974 Zhang et al. 2019 
PFOS 100-1000 µg L-1 GAC 7 0.15 0.0075 121.03 0.65 0.883 Zhang et al. 2019 
      µg1-nLng-1    
PFHxA 10-1200 µg L-1 Montmorillonite 7 0.05 0.02 2.8124 0.3814 0.9129 Zhao et al. 2014 
PFOA 10-1200 µg L-1 Montmorillonite 7 0.05 0.02 1.8816 0.6207 0.944 Zhao et al. 2014 
PFHxS 10-1200 µg L-1 Montmorillonite 7 0.05 0.02 2.5783 0.7433 0.9116 Zhao et al. 2014 
PFOS 10-1200 µg L-1 Montmorillonite 7 0.05 0.02 1.3033 0.8359 0.9373 Zhao et al. 2014 
PFHxA 10-1200 µg L-1 Kaolinite 7 0.05 0.02 2.5194 0.3976 0.8782 Zhao et al. 2014 
PFOA 10-1200 µg L-1 Kaolinite 7 0.05 0.02 1.6976 0.6216 0.9558 Zhao et al. 2014 
PFHxS 10-1200 µg L-1 Kaolinite 7 0.05 0.02 2.1656 0.7639 0.9418 Zhao et al. 2014 
PFOS 10-1200 µg L-1 Kaolinite 7 0.05 0.02 1.5055 0.8082 0.9578 Zhao et al. 2014 
PFHxA 10-1200 µg L-1 Hematite 7 0.05 0.02 0.9376 0.6211 0.9718 Zhao et al. 2014 
PFOA 10-1200 µg L-1 Hematite 7 0.05 0.02 1.1054 0.6984 0.9831 Zhao et al. 2014 
PFHxS 10-1200 µg L-1 Hematite 7 0.05 0.02 2.2329 0.7683 0.9426 Zhao et al. 2014 
PFOS 10-1200 µg L-1 Hematite 7 0.05 0.02 1.2319 0.8398 0.9371 Zhao et al. 2014 
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Table A3. Freundlich multi-solute system isotherms. 

PFAS Cin Sorbent pH V m KF* n* R2* Reference 
    L g nmol1-nLng-1    
PFPeA 50 to 1000 nmol L-1 Soil ~ 7 0.04 5 4.9 to 13.5 0.8242 to 0.7186 > 0.99 Li et al. 2019 
PFOA 50 to 1000 nmol L-1 Soil ~ 7 0.04 5 12.4 to 67.3 0.7036 to 0.5504 > 0.98 Li et al. 2019 
PFDA 50 to 1000 nmol L-1 Soil ~ 7 0.04 5 203.0 to 730.5 0.4732 to 0.3005 > 0.96 Li et al. 2019 
PFBS 50 to 1000 nmol L-1 Soil ~ 7 0.04 5 9.7 to 131.0 0.7706 to 0.3778 > 0.95 Li et al. 2019 
PFOS 50 to 1000 nmol L-1 Soil ~ 7 0.04 5 147.4 to 471.3 0.5348 to 0.4307 > 0.95 Li et al. 2019 
          

V = volume aqueous phase used in experiment 
m = mass of adsorbent 
KF = Freundlich parameter 
n = Freundlich non-linear parameter 
* Reported values are the lowest and highest reported values of KF (with corresponding values for n) from the 6 different types of soils investigated in Li et al. (2019). The R2 
are based on the lowest reported value for all of the 6 soils. 

 
 
Table A4. Individual Langmuir isotherm parameters for the modelled multi-solute system in Figure 9 using data from Zhang et al. (2019). 

PFAS Cin Sorbent pH V m KL  Q  R2 P-value* 
    L g L µmol-1 µmol g-1   
PFBA 100-1000 µg L-1 GAC 7 0.15 0.0075 3.95 4.76 0.987 7.25x10-09 
PFOA 100-1000 µg L- GAC 7 0.15 0.0075 3.87 26.39 0.999 3.19x10-13 
PFBS 100-1000 µg L- GAC 7 0.15 0.0075 4.18 6.20 0.991 2.2x10-09 
PFOS 100-1000 µg L- GAC 7 0.15 0.0075 9.46 37.74 0.989 4.14x10-09 

KL = Langmuir parameter 
Q = Langmuir isotherm parameter maximum sorption capacity 
* For ! = 0.05 
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