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Abstract 

Per- and polyfluoroalkyl substances (PFAS) are persistent environmental contaminants whose 

transport, retention, and removal are influenced by complex interactions with natural and 

engineered surfaces. Despite extensive research, key uncertainties remain regarding how PFAS 

molecular structure, sorbent chemistry, and environmental conditions jointly control 

adsorption behavior. This thesis addresses these challenges by systematically investigating 

PFAS interactions across a range of systems, from natural soil components to engineered 

sorbents and dynamic treatment processes. A stepwise experimental approach was applied, 

beginning with fundamental interactions with soil organic matter (SOM) and iron 

(hydr)oxide, followed by competitive adsorption on granular activated carbon (GAC) and ion 

exchange resin (IER), and culminating in the evaluation of PFAS removal under flow 

conditions. 

The results demonstrate that PFAS sorption in soils is governed primarily by the chemical 

composition of SOM rather than its total content. In addition, PFAS exposure also affected 

dissolved organic matter (DOM) mobilization and composition, particularly in soils with less 

hydrophobic SOM. Adsorption onto ferrihydrite (Fh) was strongly pH-dependent, and the 

observed S-shaped isotherms, together with atomic force microscopy observations, supported 

the contribution of PFAS-PFAS interactions and surface-associated aggregation at higher 

surface coverage. In engineered systems, competitive adsorption was controlled by PFAS 

molecular structure, sorbent properties, and the composition of the surrounding water matrix. 

GAC was particularly affected by DOM-induced competition and displacement, whereas IER 

showed greater PFAS selectivity but was more susceptible to phosphate-induced displacement. 

Dynamic treatment experiments further demonstrated that reactor configuration strongly 

influenced treatment performance. The rotating bed reactor (RBR) substantially accelerated 

PFAS adsorption kinetics, particularly for short-chain PFAS, whereas the small-scale column 

test (SSCT) provided more sustained removal and delayed breakthrough. 

Together, these findings provide a coherent framework linking molecular-scale interactions 

to treatment-system performance. The results demonstrate that PFAS behavior cannot be 

adequately understood or predicted from individual factors alone but instead reflects the 

combined effects of PFAS molecular structure, sorbent properties, solution chemistry, and 

process configuration. These findings have implications for understanding PFAS mobility in 

environmental systems and for designing adsorption-based remediation strategies, emphasizing 

the importance of mechanistic understanding and matrix-specific evaluation when addressing 

PFAS contamination. 
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1 Introduction 

1.1 PFAS and sustainable development 

Human health, fertile soil, and reliable freshwater resources are essential for sustainable 

development and are closely linked to the United Nations Sustainable Development Goals 

(SDGs) [1]. In recent decades, concern has increased over the presence of emerging 

contaminants in environmental systems, particularly in soil and water [2]. Among these 

pollutants, per- and polyfluoroalkyl substances (PFAS) have gained significant attention due 

to their widespread use in industrial processes and consumer products, combined with their 

exceptional chemical stability and persistence in the environment. Because PFAS resist 

degradation and can accumulate in environmental compartments and living organisms, they 

pose long-term risks to both ecosystems and human health [3]. 

The contamination of soil and water bodies with PFAS can reduce the availability and quality 

of natural resources due to long-term leaching into groundwater and surface waters [4]. 

Consequently, affected water systems may become unsuitable for drinking water supply, 

agricultural use, or ecological functions. Such impacts present challenges to achieving several 

SDGs, including those related to human health and well-being (SDG 3), clean water and 

sanitation (SDG 6), life below water (SDG 14), and life on land (SDG 15) [1]. While 

regulatory guidelines and monitoring programs aim to limit PFAS exposure, the sustainable 

management of contaminated environments increasingly depends on a thorough 

understanding of PFAS behavior in the environment and the development of effective 

remediation strategies to reduce PFAS concentrations and restore soil and water quality. 

 

1.2 PFAS chemistry and structure 

 

Per- and polyfluoroalkyl substances (PFAS) comprise a broad class of fluorinated substances 

containing at least one fully fluorinated methyl (-CF3) or methylene (-CF2-) carbon atom [3]. 

Because thousands of structurally related chemicals fall within this group, PFAS are generally 

discussed as a chemical class rather than as individual compounds. PFAS are commonly 

classified into two major categories: polymeric and non-polymeric substances. Non-polymeric 

PFAS (Figure 1) are relatively small molecules composed of a fluorinated carbon chain 

attached to functional groups such as carboxylate or sulfonate moieties [5]. These compounds 

include environmentally relevant groups such as perfluoroalkyl carboxylic acids (PFCAs) and 

perfluoroalkane sulfonic acids (PFSAs), which are frequently detected in environmental 

matrices. In contrast, polymeric PFAS consist of macromolecules with repeating fluorinated 

units incorporated either in the polymer backbone or as side chains [6]. Examples include 

fluoropolymers, perfluoropolyethers, and side-chain fluorinated polymers, which are widely 

used in industrial applications due to their chemical inertness and thermal stability [5,6].  
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Among the non-polymeric PFAS investigated in this thesis, PFCAs and PFSAs can be further 

classified according to perfluoroalkyl chain length. Long-chain PFCAs are generally defined 

as those containing eight or more carbon atoms (≥ C8; corresponding to ≥ 7 perfluorinated 

carbons), whereas long-chain PFSAs contain six or more perfluorinated carbon atoms (≥ C6). 

These compounds typically exhibit stronger sorption to environmental surfaces and greater 

potential for bioaccumulation [7]. In contrast, short-chain PFAS contain fewer carbon atoms 

and tend to be more mobile in aquatic systems due to their higher solubility and weaker 

sorption interactions with environmental matrices [3]. Additionally, the chemical properties 

and reactivity of PFAS are influenced by the attached functional groups which play a role in 

their surface partitioning, mobility and resistance [8]. 

 

 

 

Figure 1. Classification of non-polymeric PFAS based on fluorination and functional group. 

 

Their molecular structures typically consist of a hydrophobic fluorinated carbon tail and a 

polar functional headgroup, which confer surfactant-like properties and govern their 

environmental behavior. The strong carbon-fluorine bond gives these compounds exceptional 

chemical stability and resistance to thermal, chemical, and biological degradation [9].  

In response to increasing environmental concerns and international regulations, the 

production and use of legacy PFAS have been substantially reduced in several major markets. 

In the European Union, PFOS has been restricted since 2009, while PFOA and related 
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compounds have been prohibited under the EU POPs Regulation since July 2020. These 

regulatory changes have encouraged the use of alternatives, including shorter-chain PFAS, 6:2 

fluorotelomer-based substances, and ether-based processing aids such as GenX and ADONA 

[8,10]. However, these replacement PFAS have emerged as new environmental concerns due 

to their higher mobility and lower partitioning to environmental matrices [11]. The 

persistence of these compounds facilitates their widespread transport through surface water 

and groundwater and may contribute to chronic exposure of ecosystems and humans [12].  

 

1.3 PFAS in environment 

 

Reports indicate that global PFAS emissions have increased substantially since large-scale 

production began in the 1950s. Continuous releases over several decades have resulted in the 

widespread distribution of PFAS across terrestrial and aquatic environments worldwide [13]. 

Their widespread distribution in the environment is due to their large-scale production and 

use in numerous industries. The strong carbon–fluorine bonds in these compounds make them 

suitable for a wide range of industrial applications [14]. Consequently, decades of production 

and release have led to the accumulation of PFAS in water, soil, and biota, with many 

compounds undergoing limited degradation under environmental conditions [15]. Historical 

production data indicate that approximately 96,000 tons of perfluorooctane sulfonyl fluoride 

(POSF) were manufactured globally between 1970 and 2002. POSF-derived chemicals were 

used in numerous applications, including carpet treatments (14–48%), paper and packaging 

(15–28%), textile and apparel products (43–48%), aqueous film-forming foams (AFFFs; 6–

16%), and specialty performance chemicals (8–20%) [5]. Although PFAS contamination is 

frequently associated with the use of AFFFs at firefighting sites, AFFF represented a relatively 

small proportion of historical POSF-derived product use compared with major surface-

treatment applications [14].  

A study by the U.S. Geological Survey estimated that between 71 and 95 million people in 

the United States may rely on groundwater containing detectable concentrations of PFAS 

[16]. The detected compounds included legacy PFAS, such as PFOS and PFOA, as well as 

shorter-chain alternatives, such as PFBA. Similar findings have been reported in Europe, 

where PFAS concentrations exceeding regulatory or guideline values have been detected at 

some drinking-water monitoring locations. For example, in Sweden, 3% of 169 samples 

collected from drinking-water source areas exceeded the national guideline value of 90 ng/L 

for the sum of 11 PFAS (Σ11PFAS, guidelines applicable before 2018) [17]. The detection of 

PFAS in groundwater and rainwater further indicates their widespread atmospheric transport 

and supports evidence of diffuse contamination on a global scale [18].  

Moreover, land heavily impacted by firefighting foams, industrial emissions, and the 

application of contaminated biosolids can act as a source of PFAS migration into groundwater 
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and private wells. In a statewide investigation conducted in Maine in 2025 on agricultural 

fields historically amended with sludge, 83% of the sampled sites had concentrations of at least 

one PFAS compound above the remedial action guidelines for “leaching to groundwater” 

potential [19]. In the same report, approximately 20% of the sites had associated drinking-

water wells in which the concentrations of 6 commonly monitored PFAS exceeded 20 ng/L. 

Recent assessments indicate that PFAS contamination is widespread across Europe, with 

nearly 23,000 confirmed contaminated sites, about 21,500 additional suspected sites linked to 

industrial activity, and more than 230 industrial facilities identified as PFAS users [20]. These 

findings indicate that historical practices can result in the continued release of PFAS into 

groundwater and subsequent long-term contamination of drinking-water sources. On the 

other hand, the structural features of PFAS and the complexity of soil matrices have made 

long-term monitoring and remediation challenging in these contaminated areas [6]. 

Understanding this complexity requires special attention to PFAS interactions with soil 

components and surfaces. 

 

1.4 Environmental fate of PFAS and governing factors 

1.4.1 Adsorption mechanisms 

 

PFAS adsorption is rarely governed by a single interaction mechanism; rather, it results from 

the simultaneous contributions of molecular structure, surface chemistry, and solution 

chemistry. The amphiphilic nature of PFAS, with a fluorinated hydrophobic chain and an 

ionizable polar head group, allows these compounds to interact with both non-polar domains 

and charged surface sites [7]. In soil systems, this may involve partitioning into SOM, 

electrostatic attraction to or repulsion from mineral surfaces, cation bridging, and competition 

with DOM or inorganic ions. This anionic character makes PFAS highly sensitive to 

electrostatic interactions in environmental systems, where positively charged surfaces can 

enhance adsorption, while negatively charged surfaces may reduce retention through 

electrostatic repulsion [21]. Under low-pH conditions, the functional groups on the adsorbent 

surfaces become protonated (e.g., ≡M–OH + H⁺ ⇌ ≡M–OH₂⁺), providing suitable 

adsorption sites for PFAS molecules [22]. In engineered sorbents such as GAC and IER, 

similar principles apply, but the dominant mechanisms shift depending on pore structure, 

surface charge, and functional groups. Mechanistically, this shift occurs because GAC mainly 

provides hydrophobic porous carbon domains that favor PFAS partitioning and pore diffusion, 

whereas IER contains positively charged functional groups that promote Coulombic 

attraction and anion exchange, with anionic head groups of PFAS [23]. Therefore, identifying 

the dominant adsorption sites and interaction mechanisms on each surface provides a 

mechanistic basis for interpreting PFAS adsorption behavior. When this understanding is 

combined with the molecular properties of PFAS and key environmental factors, such as pH 



 

 5 

and co-existing species, it can help improve predictions of PFAS mobility in soils and optimize 

the performance of engineered treatment systems. 

 

1.4.2 Soil system 

 

The extent of PFAS sorption strongly influences their environmental mobility and 

bioavailability, including their potential to leach into groundwater, be taken up by plants, or 

remain within the solid matrix [2]. The PFAS studied in this thesis are negatively charged and 

generally occur as anions at typical environmental pH values due to their relatively low pKa 

values. This charge state governs most of their interactions in the environment through 

electrostatic attraction or repulsion [24]. Soil components, including mineral phases such as 

oxides and soil organic matter (SOM), have both variable and permanent charges depending 

on soil composition, pH, and the ionic environment [25]. Although soil surfaces are generally 

negatively charged at environmentally relevant pH values, positively charged mineral phases 

such as metal oxides, as well as mechanisms such as cation bridging involving divalent ions, 

can promote electrostatic interactions that facilitate PFAS retention in soils [26].  

In natural soils, SOM is generally considered a major sorption sink for PFAS because of its 

abundance and chemical heterogeneity [2,27]. SOM contains both nonpolar and polar 

domains, allowing PFAS retention through several mechanisms. Hydrophobic interactions 

and partitioning into aliphatic and aromatic domains can promote the sorption of the 

fluorinated carbon chain, particularly for long-chain PFAS [28,29]. In addition, ionizable and 

charged functional groups within SOM may contribute to electrostatic interactions with the 

ionic head groups of PFAS. For example, protonated amino groups associated with nitrogen-

containing organic matter may provide positively charged sites for anionic PFAS under 

suitable pH conditions [30,31]. Although mineral surfaces may also contribute to PFAS 

retention, particularly in soils with low organic carbon contents, SOM is commonly expected 

to have a dominant influence on sorption in many natural soils. 

Mineral surfaces, particularly positively charged oxides in soils (e.g., iron and aluminum 

oxides/hydroxides) may also play a crucial role in PFAS fate in the environment by providing 

positively charged surfaces at natural pH and under slightly acidic soil conditions [32]. 

Laboratory studies indicate that ferrihydrite (Fh) can function as an important natural sorbent 

for PFAS, with adsorption largely governed by pH-dependent surface charge [33]. PFOS 

sorption onto goethite was primarily governed by pH-dependent electrostatic interactions, 

with sorption decreasing as pH increased. Uwayezu et al. (2022) further demonstrated that 

aqueous chemistry, including pH, sulfate, and dissolved humic substances, significantly 

influences PFOS sorption onto goethite and, consequently, its mobility in surface water and 

groundwater systems [34]. Similarly, Hellsing et al. (2016) found that PFOS and other PFAS 

adsorbed onto positively charged alumina surfaces, forming a hydrated interfacial layer 
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approximately 25 ± 5 Å thick, with adsorption driven mainly by electrostatic interactions 

[35]. The hydrated and reversible nature of this adsorbed layer suggests that rainfall or flushing 

may promote PFAS remobilization. In addition, divalent cations such as Ca2+ and Mg2+ can 

promote PFAS sorption through cation bridging, in which the cation simultaneously interacts 

with the anionic PFAS headgroup and negatively charged functional groups on mineral or 

organic surfaces, thereby reducing electrostatic repulsion and enhancing sorption affinity 

[27,36]. 

 

1.4.3 Engineered materials 

 

Ion exchange resin (IER) and granular activated carbon (GAC) are among the most 

commonly used adsorbents in water and wastewater treatment due to their PFAS adsorption 

performance combined with their relative cost-effectiveness [23]. Adsorption of PFAS onto 

GAC is largely governed by hydrophobic interactions between the perfluoroalkyl chains and 

the non-polar carbon surfaces within the microporous structure of the adsorbent [37]. 

Electrostatic interactions may further influence sorption depending on the surface charge of 

the carbon and the speciation of PFAS in solution [38]. Smaller GAC particle sizes generally 

enhance adsorption performance due to an increased specific surface area and improved 

accessibility to adsorption sites [39]. However, operational studies have shown that the long-

term performance of GAC is compound-specific; long-chain PFAS such as PFOS and PFOA 

are strongly retained within the carbon matrix, whereas short-chain PFAS exhibit earlier 

breakthrough and may migrate through the filter over time [40].  

IER, particularly strong-base anion exchange resins, remove PFAS primarily through 

electrostatic ion-exchange interactions between the anionic PFAS headgroups and positively 

charged quaternary ammonium functional groups on the resin matrix [38]. In addition to 

Coulombic attraction, hydrophobic interactions between the perfluoroalkyl chain and the 

polymer backbone of the resin contribute to sorption affinity and enhance selectivity toward 

longer-chain PFAS [41]. Consequently, longer-chain PFCAs and PFSAs often exhibit greater 

sorption affinity and competitive selectivity than their shorter-chain homologues [41,42]. 

Experimental studies have further shown that resin composition, hydrophobicity, and 

functional group density strongly influence adsorption capacity, while the presence of 

competing inorganic anions or DOM can reduce PFAS adsorption by occupying exchange 

sites or altering resin surface properties [43,44]. A previous investigation reported that co-

existing organic and inorganic constituents can substantially suppress PFAS adsorption on ion-

exchange resins, with fulvic acid reducing adsorption capacity by approximately 17% and 

inorganic anions causing reductions of up to ~70% through competition for exchange sites 

[43]. 
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Surface interactions and their governing factors are central to understanding the performance 

of effective remediation technologies. Adsorption onto materials such as activated carbon, ion-

exchange resins, metal oxides, and other engineered media is controlled by the molecular 

properties of PFAS, sorbent surface chemistry, competing ions, and solution conditions. 

Developing a deeper understanding of the mechanisms controlling PFAS adsorption and the 

factors influencing these mechanisms is essential for improving predictions of PFAS behavior 

in engineered treatment systems. This knowledge also supports the design and optimization 

of treatment technologies for PFAS removal. Given the global challenges associated with 

PFAS contamination, integrating insights from engineered treatment systems remains a central 

research priority.  
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2 Research motivation and scope of the 

thesis 

 

A further limitation of the current PFAS literature is that many studies rely on single 

compounds or simplified experimental systems, whereas real environmental and treatment 

systems involve multiple interacting phases and co-existing competitors. In soils, PFAS 

behavior is shaped by simultaneous interactions with coexisting components such as SOM 

and mineral oxides, which can jointly regulate retention and mobility, and in some cases 

influence the properties of SOM after sorption. Similar complexity is also evident in 

engineered treatment systems, where the performance of adsorbents such as GAC and IER 

depends not only on surface chemistry but also on water composition and competition for 

adsorption sites with water constituents such as DOM and inorganic ions. These interactions 

can substantially affect adsorption capacity, PFAS selectivity, and breakthrough behavior, and 

therefore directly influence the overall efficiency of PFAS removal from contaminated waters. 

Considering the interplay between PFAS molecular structure, sorbent surface properties, and 

environmental conditions, a more integrated perspective on PFAS adsorption processes is 

needed. The work presented in this thesis contributes to this objective by examining PFAS 

interactions with several key environmental surfaces and engineered treatment materials. The 

studies focus on adsorption processes associated with SOM, interactions with iron oxide 

minerals such as Fh, competitive adsorption behavior on engineered adsorbents including 

GAC and IER, and the implications of these mechanisms for PFAS removal in column and 

flow-through remediation systems. By connecting mechanistic insights into adsorption 

processes with observations from applied treatment systems, this research seeks to improve 

predictions of PFAS behavior in environmental media and to support the development of 

more effective and sustainable remediation strategies. 

 

2.1 Overall aim 

 

The overall aim of this thesis was to advance the understanding of PFAS sorption and 

interactions across natural and engineered surfaces, to assess how these processes influence 

PFAS environmental fate, retention, and removal in remediation systems. 
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2.2 Specific objectives 

 

The specific objectives were structured as a sequential research workflow, progressing from 

PFAS interactions with soil organic matter to adsorption on ferrihydrite and engineered 

sorbents, and finally to dynamic treatment conditions. Figure 2 illustrates this workflow and 

shows how Papers I-IV collectively address the specific objectives of this thesis. The specific 

objectives were to: 

 

1) Assess PFAS sorption in soils with varying SOM composition and evaluate PFAS-

driven changes in DOM release and chemistry (Paper Ⅰ). 

 

2) Elucidate the adsorption behavior of PFOA and PFOS on Fh by examining 

individual and synergistic adsorption isotherms, pH-dependent adsorption, and 

modelled PFAS-ferrihydrite interactions (Paper Ⅱ). 

 

3) Determine how PFAS molecular structure and co-existing species control 

competitive adsorption and displacement on hydrophobic and electrostatic sorbents 

(Paper Ⅲ). 

 

4) Evaluate the influence of the rotating bed reactor system on PFAS adsorption 

kinetics and removal efficiency relative to batch and column approaches, with an 

emphasis on compound-specific behavior, particularly for short-chain PFAS (Paper 

Ⅳ). 

 



 

 10 

 

Figure 2: Workflow and schematic representation of the research framework and Papers I–

IV included in this thesis.  
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3 Materials and methods 

3.1 Structure of experimental work 

 

The experimental work in this thesis was designed to examine PFAS interactions in systems 

with increasing complexity. The thesis begins with studies of key soil components and then 

moves toward engineered sorbents and dynamic treatment systems that are closer to practical 

remediation conditions. This stepwise structure allows the effects of surface chemistry, PFAS 

molecular properties, and environmental factors to be examined more clearly, and helps to 

explain how these factors together influence adsorption behavior, mobility, and removal 

performance. The overall experimental framework is structured into four interconnected 

studies, each addressing a specific aspect of PFAS interactions while contributing to a unified 

understanding. The workflow of the papers is presented in Figure 2.  

The work starts with studying important soil components, with a specific focus on SOM 

(Paper Ⅰ) and the poorly crystalline iron (hydr)oxide ferrihydrite (Paper Ⅱ). These studies were 

designed to examine PFAS interactions, including dominant organic matter and adsorption 

onto mineral surfaces. The materials and sorbents used in each study are summarized in Table 

1. 

Building on this foundation, the research extends to engineered sorbents (Paper Ⅲ) including 

GAC and IER, where adsorption processes are further influenced by surface functionality and 

competitive interactions with co-existing species. These systems introduce additional 

complexity by incorporating co-existing ions and DOM, reflecting conditions more 

representative of natural and engineered aqueous environments. 

Finally, the work transitions to dynamic and applied systems (Paper Ⅳ) where adsorption 

behavior is evaluated under flow and hydrodynamic conditions relevant to remediation 

processes. Paper IV, by evaluating adsorption kinetics and breakthrough behavior in treatment 

systems, provides a complementary assessment of sorbent performance under operationally 

relevant conditions. In this way, the thesis progresses from mechanistic understanding to 

applied implications, linking fundamental processes to environmental fate and treatment 

performance. An overview of the experimental approach and the materials used in this thesis 

is represented in Table 1.  

 

 

 

 

 

 

 



 

 12 

3.1.1 Batch-mode PFAS partitioning experiments 

 

PFAS adsorption and partitioning onto solid phases were investigated across all studies (Papers 

I–IV), with an overview of the experimental conditions provided in Table 1. In Paper I, PFAS 

compounds were added to soil suspensions to examine the role of SOM in PFAS partitioning 

in batch-mode. Paper II also included experiments with suspensions of iron (hydr)oxides to 

evaluate PFAS adsorption onto mineral surfaces under controlled batch conditions. In Paper 

III, batch-mode experiments were conducted to investigate competitive PFAS sorption onto 

GAC and IER. The suspensions were amended with co-existing PFAS, phosphate ions, and 

DOM (fulvic and humic acids) to assess competitive adsorption and displacement from solid 

phase surfaces. In Paper IV, batch experiments were used to evaluate PFAS adsorption kinetics 

onto GAC and IER and to compare these results with adsorption performance in a rotating 

bed reactor (RBR) system. Suspensions were placed on rotating shakers to equilibrate (times 

available in Table 1), prior to solid and liquid phase separation.  

 

Table 1. Overview of materials and experimental conditions. 

 

Paper Analytes sorbents pH Experimental conditions 

Ⅰ PFOS, PFOA, and 

PFBA 

Soils with 

different 

organic matter 

content, n = 3 

Natural pH 

in each soil  

Batch-mode experiments 

 

L/S ratio: 40 

 

PFAS spiked at two levels of 

0.1 and 1 mg/L  

 

PFAS adsorption examined 

based on SOM composition in 

each soil 

 

The released DOM was 

investigated using 1H NMR 

Ⅱ PFOS and PFOA Ferrihydrite 

(2-line) 

3 - 5 - 7 - 9 Batch-mode experiments 

 

Sorbent concentration: 3 

mmol Fe/L as ferrihydrite 
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PFAS adsorption isotherm: 

concentrations ranging from 

0.1 to 20 µmol/L for each 

PFAS compound 

 

Background electrolyte for  

all isotherms:  

10 mmol/L, NaNO3 

Ⅲ PFCAs C4-C6 and 

C8-C9;  

 

PFSAs C4 and C8;  

 

6:2 FTSA  

GenX (HFPO-

DA) 

 

 

 

 

 

GAC  

IER 

6.5 ± 0.2 Batch-mode experiments 

 

GAC concentration: 6 mg/L 

IER concentration: 20 mg/L 

 

Competitive adsorption of 

PFAS was examined at 

concentrations of 2 and 10 

µM for each compound 

 

Competitive adsorption 

impact of co-existing species 

were examined,  

DOM: 5 and 15 mg/L 

Phosphate: 0.5, 5, 50 µM 

 

Background electrolyte 0.01 

M NaCl 

Ⅳ PFCAs C4-C6 and 

C8-C9;  

 

PFSAs C4 and C8;  

 

6:2 FTSA  

GenX (HFPO-

DA) 

GAC 

IER 

6.5 ± 0.2 PFAS treatment performance 

in RBR, Column, and batch 

systems 

 

Comparison of adsorption 

kinetics in RBR and batch 

systems using GAC and IER 

(80 mg/L) 

 

Comparison of PFAS removal 

performance by ion exchange 

resin (IER) in rotating bed 
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reactor (RBR) and small-scale 

column systems 

 

IER dose: 4 g 

Background electrolyte 0.001 

M NaCl 

 

3.1.2 pH-dependent PFAS binding experiment 

 

The experiments in Papers I, III, and IV were performed under stable pH values to maintain 

controlled and comparable conditions. In Paper II, pH-dependent adsorption experiments 

were performed to examine how changes in Fh surface charge influenced PFOA and PFOS 

binding and potential binding mechanisms governing PFAS interaction. The pH was adjusted 

to 3, 5, 7, and 9 using HNO3 or NaOH, while 10 mmol/L NaNO3 was used as the 

background electrolyte. Each experiment contained 3 mmol Fe/L in a total solution volume 

of 40 ml and was equilibrated for 24 h on a rotating shaker at 10 rpm. In Papers III and IV, 

pH was adjusted using NaOH and HCl, with NaCl employed as the background electrolyte 

to maintain constant ionic strength. 

 

3.1.3 Sorption isotherms 

 

Concentration-dependent adsorption experiments (sorption isotherms) were conducted in 

Paper II to investigate PFAS binding behavior over a range of equilibrium concentrations. By 

varying the initial PFAS concentrations in the suspensions, the relationship between dissolved 

and sorbed phases was established. The Fh suspensions contained 3 mmol Fe/L in a total 

solution volume of 40 mL, with 10 mmol/L NaNO3 used as the background electrolyte. 

Adsorption isotherms were obtained by varying the initial concentration of each PFAS from 

0.1 to 20 µmol/L, followed by equilibration for 24 h on a rotating shaker at 10 rpm. The 

sorption isotherms were determined at four pH values, as described in Section 3.1.2. The 

shape of the resulting isotherms provides insight into the underlying adsorption mechanisms. 

Linear isotherms indicate concentration-independent partitioning, whereas non-linear 

behavior (e.g., concave-up or concave-down trends) suggests interactions between PFAS 

molecules on the sorbent surface, such as aggregation or multilayer formation [45,46]. These 

observations are essential for understanding PFAS adsorption under varying environmental 

concentrations and for improving predictions of their transport and retention in soil systems.  
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3.1.4 Dynamic and flow-through adsorption systems 

 

Dynamic adsorption systems were employed in Paper IV to investigate PFAS removal, 

representative of practical treatment processes. Both rotating bed reactor (RBR) and small-

scale column tests (SSCT) were used to evaluate adsorption behavior under continuous flow 

and enhanced hydrodynamic conditions using GAC and IER. These systems enable 

assessment of adsorption kinetics, transport limitations, and sorbent performance beyond 

equilibrium conditions typically captured in batch experiments. For the kinetic experiments, 

80 mg of sorbent was contacted with 1 L of solution containing 0.02 µM of each PFAS at pH 

6.5 ± 0.2 and 1 mM NaCl. The RBR operated at 400 rpm for 24 h, while the batch system 

rotated at 10 rpm for a longer period (7 days). For the RBR–column comparison, 4 g of IER 

was used in both systems. The RBR treated 1 L during each 6 h cycle at 400 rpm, whereas 

the SSCT was operated in upward-flow mode. Both systems treated a total of 50 L. The RBR 

system was used to examine adsorption under intensified hydrodynamic conditions, 

promoting rapid mass transfer and shorter contact times, while the column setup provided 

insight into PFAS transport and retention under steady flow, allowing the generation of 

breakthrough curves [47,48]. Together, these approaches enabled comparison of short-term 

adsorption efficiency and long-term performance, highlighting the influence of system design 

on PFAS removal and breakthrough behavior. 

 

3.1.5 Characterization techniques 

 

NMR characterization (¹³C and ¹H NMR) 

In paper Ⅰ, solid-state carbon-13 nuclear magnetic resonance (13C NMR) was used to 

characterize the composition of SOM, while solution-state proton nuclear magnetic resonance 

(1H NMR) spectroscopy was employed to investigate transformations in DOM in the 

presence of PFAS and to assess the extent of PFAS-induced alterations in released DOM. 13C 

NMR provides molecular-level information on carbon components (e.g., alkyl, O-alkyl, 

aromatic), enabling identification of the SOM fractions, hydrophobic and hydrophilic 

constituents governing PFAS sorption behavior in soils [49,50]. Detailed information is 

provided in paper Ⅰ. 

 

AFM analysis of PFAS aggregation on ferrihydrite 

In paper Ⅱ, Atomic force microscopy (AFM) was applied to investigate the aggregation 

behavior of PFAS on Fh surfaces at the nanoscale. This technique enables direct visualization 

of surface morphology and the spatial distribution of adsorbed species, providing insight into 

surface heterogeneity and aggregation phenomena [45]. AFM observations were used to 

identify the formation of PFAS aggregates and surface-associated structures, supporting the 
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interpretation of non-linear adsorption behavior and potential multilayer formation on 

mineral surfaces.  

 

3.1.6 Chemical analysis 

 

PFAS analysis and quality control 

PFAS concentrations were determined in aqueous samples collected from all experimental 

systems, including batch suspensions, adsorption tests, and dynamic treatment setups across 

Papers I–IV. Following equilibration or sampling, portions of the liquid phase were transferred 

to microcentrifuge tubes and prepared for analysis. Quantification of PFAS was performed 

using ultra-high performance liquid chromatography coupled with tandem mass spectrometry 

(UPLC–MS/MS). Isotopically labelled internal standards (Wellington Laboratories, Guelph, 

Canada) were used to ensure accurate quantification. Prior to analysis, a volume of 300 μL of 

the sample was transferred into 500 μL Eppendorf tubes, after which 175 μL of methanol 

containing 5 mM ammonium acetate was added, followed by 25 μL of mass-labeled internal 

standards. Samples were thoroughly vortexed to ensure homogeneity before instrumental 

analysis. PFAS concentrations were determined by direct injection into the UPLC–MS/MS 

system (Acquity Premier coupled with Xevo TQ-XS, Waters, USA). Data acquisition and 

processing were carried out using MassLynx software, with manual verification of peak 

integration to ensure data quality. Instrumental conditions and calibration procedures were 

optimized to achieve reliable detection, and limits of quantification for the target compounds 

were determined based on method performance. This analytical approach enabled accurate 

and reproducible measurement of PFAS across the different experimental systems investigated 

in this thesis.  

Quality control procedures were applied throughout the experimental and analytical work to 

minimize contamination and ensure data reliability. Fluorinated materials were avoided where 

possible, all aqueous solutions were prepared using Milli-Q water, and analytical-grade 

solvents were used. Procedural blanks, including water blanks and blanks containing sorbents 

and background electrolyte, were included in each batch, with PFAS concentrations 

remaining below the limits of quantification. Calibration performance was verified using 

continuing calibration checks, reference mixtures, and control experiments without sorbents 

to assess analytical variability, mass balance, and potential losses to the experimental containers. 

Further details of the quality assurance and quality control procedures are provided in Papers 

I–IV. 

 

Supporting analysis 

Supporting analyses also included the determination of PFAS concentrations in soil samples 

(Paper Ⅰ), which were analyzed at a commercial laboratory (Eurofins Water Testing 
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Laboratory, Sweden) using liquid chromatography coupled with tandem mass spectrometry 

(LC–MS/MS). Solid-phase TOC measurements were performed using a TOC analyzer 

(TOC-V CSH, Shimadzu, Tokyo, Japan) to determine organic carbon content (%) in soils 

(Paper I), while liquid-phase TOC analysis was used to quantify DOC in solution (Papers I 

and III). Inductively coupled plasma optical emission spectrometry (ICP-OES, Optima 8300, 

PerkinElmer) was used to measure elemental concentrations in solution and to determine 

background elemental composition in Papers Ⅱ and IV.  
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4 Results and discussion 

4.1 PFAS and Soil composition (Paper Ⅰ) 

4.1.1 Soil organic matter characterization 

 

A schematic overview of the experimental approach and workflow used in Paper Ⅰ is presented 

in Figure 3. Three soils with different organic carbon (OC) contents and SOM compositions 

were studied. The soil with the highest OC content, approximately 45.1%, is hereafter 

referred to as PT. The PH soil contained 29.9% OC, while CM contained 6.6% OC. The 
13C NMR analysis revealed clear compositional differences in SOM, with PT containing a 

higher proportion of carbohydrate-like structures, whereas PH was enriched in lipid-derived 

components. Consequently, PH showed a substantially higher lipid-to-carbohydrate ratio. 

This indicated a more hydrophobic organic matter character of PH compared to PT and CM 

soils [51], where this ratio remained relatively low (Table 1 in Paper Ⅰ). Detailed information 

on the 13C NMR characterization is provided in Paper Ⅰ. 
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Figure 3: Conceptual workflow and experimental approach used in Paper I. 
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4.1.2 PFAS adsorption by soils 

 

PFAS sorption varied significantly across the soils and followed a consistent trend of PT < 

CM < PH at both concentration levels (0.1 and 1 mg/L) (Figure 5; Figure 1 in Paper Ⅰ). 

PFOS consistently exhibited the highest sorption, followed by PFOA, while PFBA showed 

the lowest affinity across all soils. PFOS sorption ranged from approximately 61% in PT soil 

to 98.4% in PH soil, while PFOA sorption reached 82.4% in PH soil. This trend highlights 

the strong dominance of PFOS in adsorption behavior and is consistent with previous findings 

indicating that sorption increases with increasing fluorocarbon chain length [52,53]. This 

pattern was observed for both individual compounds and mixtures. Distribution coefficients 

(log Kd) confirmed these trends, with PH showing the strongest overall sorption, while PT, 

despite having the highest organic carbon content (45.1%), displayed the lowest sorption 

capacity. The differences in sorption behavior were linked to variations in SOM composition 

rather than organic carbon content alone. PH soil (29.9% OC) showed the highest PFAS 

retention, which can be attributed to its more hydrophobic organic matter composition, 

reflected in a lipid-to-carbohydrate ratio nearly three times higher than those of PT and CM. 

However, the extent of PFAS retention was also influenced by other soil constituents, 

particularly iron and aluminum oxides, which can provide additional sorption sites. The 

combined effects of SOM composition and mineral phases on PFAS retention are discussed 

in detail in Paper I. 

 

 

Figure 4: Solid state Carbon-13 nuclear magnetic resonance (13C NMR) spectra of the SOM 

samples. 
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Figure 5: Sorption of PFOS, PFOA, and PFBA in soils both in mixtures and as individual 

compounds at 0.1 mg/L of PFAS concentration. 

 

4.1.3 Extent of DOM release from soils and impact of PFAS on DOM compositions 

 

PFAS influenced dissolved organic carbon (DOC) release differently across the soils, with the 

strongest effects observed in PT soil. In PT, PFAS mixtures increased DOC release to 3409 

± 43 mg/kg compared to 3238 ± 63 mg/kg in the control, with PFOS and PFOA showing 

notable DOC mobilization, particularly at higher concentrations (1 mg/L). In CM soil, the 

effect was less pronounced, although PFOS alone increased DOC to 461 ± 16 mg/kg, relative 

to 412 ± 13 mg/kg in the control, while PFOA and PFBA had minimal impact. This behavior 

can be attributed to the surfactant properties of PFAS, which could promote the mobilization 

of hydrophobic components from the SOM matrix [54,55]. In contrast, PH soil showed 

negligible changes in DOC release while exhibiting the highest PFAS sorption. Overall, an 

inverse relationship was observed between PFAS sorption and DOC release, with soils with 

higher PFAS retention (PH) showing limited DOC mobilization, while soil with a lower 

extent of sorption (PT) exhibited higher DOC release, indicating a key role of SOM 

composition and hydrophobicity in governing these interactions.  
1H NMR analysis of DOM released from soils revealed that PFAS induced measurable changes 

in DOM composition, particularly in PT soil. In PT, PFAS exposure increased aliphatic 

components (CH3/CH2) by +17.7% and reduced carbohydrate/protein fractions by −19.1%, 

indicating a shift toward more hydrophobic DOM [56,57]. In CM, similar but less 

pronounced changes were observed, with a −5.8% decrease in carbohydrate-related 

components and minimal increase in aliphatics (+2.35%, below the significance threshold 

which is typically around 5% for NMR measurements). In contrast, PH soil showed no 

significant change in total DOC but exhibited compositional shifts, including a decrease in 



 

 22 

aliphatic signals (−14.4%) and an increase in aromatic/phenolic components (+12%). Overall, 

these results suggest that PFAS alter DOM quality differently depending on SOM 

characteristics, with weaker sorption systems promoting mobilization of hydrophobic 

compounds, while strongly sorbing systems shift DOM composition without increasing total 

release.  

The first part of this study addressed a key uncertainty in the literature regarding whether 

PFAS adsorption is primarily governed by SOM content or also by its chemical composition 

[58–60]. These results indicate that PFAS sorption was largely controlled by the chemical 

nature of SOM. The findings further suggest that PFAS not only interacted with SOM but 

might also modify its solubility and the composition of released DOC, thereby potentially 

affecting long-term soil carbon dynamics and contaminant mobility. 

 

4.2 PFAS and ferrihydrite (Paper Ⅱ) 

4.2.1 PFOS and PFOA sorption isotherms 

 

A schematic overview of the experimental approach and workflow used in Paper II is 

presented in Figure 6. PFOS and PFOA showed concentration-dependent adsorption onto 

Fh, but with clear differences in affinity (Figure 7). At low aqueous concentrations, the 

isotherms were satisfactorily described by the Langmuir model, indicating monolayer 

adsorption dominated by surface-site interactions. PFOS consistently exhibited higher extent 

of adsorption than PFOA, reflected in higher distribution coefficients and steeper isotherm 

slopes, which can be attributed to its sulfonate head group and greater hydrophobicity than 

PFOA [33]. The extent of adsorption increased under acidic conditions, consistent with the 

more positively charged Fh surface at lower pH values, which enhances electrostatic attraction. 

In general, PFOS showed higher sorption capacity, often 1.5–3 times greater, than PFOA 

under similar conditions.  
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Figure 6: Conceptual workflow and experimental approach used in Paper Ⅱ. 
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In the binary PFOS-PFOA system (Figure 7), adsorption behavior differed markedly from a 

simple competitive scenario. Instead of reduced sorption, a synergistic enhancement of 

adsorption was observed, particularly under low pH conditions (pH 3 and 5). The binary 

system isotherms exhibited a pronounced S-shaped form, supporting the occurrence of 

cooperative adsorption at the solid-liquid interface. The additional enhancement in adsorption 

at higher concentrations was consistent with this interpretation and suggested that surface-

associated PFOA or PFOS molecules facilitated the adsorption of the other compound, 

potentially through intermolecular PFAS-PFAS interactions [61]. Once an initial layer of 

PFAS molecules was established on the Fh surface, additional adsorption could have been 

promoted by interactions between sorbed and dissolved molecules, supporting the formation 

of surface aggregates or multilayer structures at elevated concentrations [62,63]. This 

cooperative behavior highlights that PFAS adsorption in mixed systems cannot be described 

solely by competition for surface sites but must also consider PFAS-PFAS interactions and 

concentration-dependent aggregation effects [63]. Although PFAS concentrations were well 

below critical micelle concentrations, long-chain PFAS may still associate at interfaces and 

form hemimicelle-like or other non-micellar structures [64]. These initial assemblies can act 

as a foundation layer, facilitating the subsequent adsorption of additional PFAS molecules onto 

the solid surface [65]. 

 

 

 

Figure 7: Adsorption isotherms of PFOS and PFOA on ferrihydrite at pH 3 and 5, both 

individually and in binary mixtures. 
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4.2.2 pH impact on PFAS sorption onto ferrihydrite 

 

The results clearly indicate that pH plays a critical role in controlling PFAS adsorption onto 

Fh, with adsorption decreasing as pH increased from 3 to 9. While adsorption remained 

relatively high at pH 3 and 5, a sharp decline was observed at pH 7 and became more 

pronounced at pH 9 (Figure 8). This behavior is likely due to the pH-dependent surface 

charge of Fh. At low pH, Fh is more positively charged and can attract anionic PFAS. As pH 

increases, the surface becomes less positive or even negatively charged, which weakens 

electrostatic attraction and can lead to electrostatic repulsion [66]. In contrast, under acidic 

conditions, the positively charged surface appears to promote not only a higher extent of 

adsorption but also closer packing of PFAS molecules [46]. This is supported by the S-shaped 

isotherms observed at pH 3 and 5, suggesting a shift toward cooperative adsorption. Once an 

initial layer is formed, additional PFAS molecules seem to adsorb more readily, likely due to 

intermolecular interactions, leading to aggregation and dense packing at the surface [67,68]. 
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Figure 8: Adsorption percentage of PFOS and PFOA on Fh at pH 3, 5, 7, and 9, both 

individually and in binary mixtures. The pH-dependent sorption of PFOS and PFOA was 

examined at selected initial concentrations ranging from 0.1 to 20 µM (paper Ⅱ). Here, initial 

concentrations of 1 and 12 µM are shown. 

 

4.2.3 Modelling of PFOS and PFOA adsorption onto Fh surface 

 

The adsorption data for PFOS and PFOA did not fit well with classical Langmuir or 

Freundlich isotherm models (in full concentration range), indicating that the process cannot 

be described by simple monolayer adsorption or uniform surface interactions. This behavior 

is consistent with the observed S-shaped isotherms, suggesting cooperative adsorption and 

concentration-dependent mechanisms. The calculated distribution coefficients (Kd) varied 

strongly with pH, with values ranging from approximately 7500 to 35 L/kg for PFOS and 
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from 6800 to 34 L/kg for PFOA (Figure 9). This can be attributed to enhanced electrostatic 

attraction between the positively charged Fh surface and the anionic PFAS species. In the 

mixed PFOS–PFOA system, Kd values were higher than under single-solute conditions, 

indicating a synergistic effect. This enhancement is likely due to cooperative interactions, in 

which the initial adsorption of PFAS molecules promotes additional sorption through 

intermolecular interactions. This can lead to denser packing and the potential formation of 

surface aggregates [69].  

 

 

 

Figure 9: Average Kd values (log scale) for the adsorption of PFOS and PFOA on Fh at all pH 

values and high PFAS loadings (>4 µM). Error bars represent the standard deviations. 

Literature data taken from Campos-Pereira et al., (2020) and Powell et al., (2026) for binding 

of PFOS and PFOA on Fh. 

 

At lower concentrations, the CD-MUSIC model was used to simulate the adsorption behavior 

of PFOS and PFOA on Fh (Figure 10). The model consistently overpredicted adsorption at 

low surface loadings and at higher pH values, suggesting that the pH dependence and loading 

effects were not fully captured. This mismatch likely reflects the fact that the model mainly 
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describes electrostatic interactions at the surface and therefore does not fully represent the 

actual adsorption mechanism of PFAS on Fh. Previous studies have shown that PFAS 

adsorption in such systems is largely controlled by outer-sphere interactions related to surface 

charge [70]. At the same time, processes such as hydrophobic interactions, PFAS-PFAS 

association, and the gradual formation of aggregates at the interface are not explicitly included 

in the CD-MUSIC framework. These factors are expected to become more important as 

surface coverage increases and may explain the nonlinear adsorption behavior observed in the 

experimental data. For example, at pH 3, the PFOS and PFOA adsorption isotherms (Figure 

7) showed a sharp increase in adsorption even at low concentrations. This behavior was not 

accurately captured by the Langmuir, Freundlich, or CD-MUSIC models, probably because 

adsorption involved both electrostatic attraction to the Fh surface and hydrophobic 

interactions between PFAS molecules. 

 

 

 
Figure 10: Adsorption of PFOS and PFOA onto Fh under single-solute conditions at pH 3, 

5, 7, and 9 at low PFAS concentrations (< 4 µM). Symbols represent experimental data, while 

dashed lines indicate the corresponding CD-MUSIC model simulations. 

 

4.2.4 AFM analysis of ferrihydrite surface morphology 

 

The AFM observations provided useful insight into how PFAS molecules were organized on 

the Fh surface as concentration increased (Figure 5 in Paper Ⅱ). At low concentrations, the 

surface morphology remained largely comparable to the control, with dispersed nanoparticles 

observed across the surface. However, two aggregated particles were detected within the 

scanned area, suggesting the onset of localized interactions. The surface roughness profile 

showed broader peaks and intermediate roughness between features, indicating the formation 
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of small nanoscale aggregates even at low PFAS concentrations. In contrast, at higher 

concentrations, the surface morphology changed significantly. The AFM images revealed a 

heterogeneous surface with interconnected and branched nanostructures distributed across the 

substrate. This pattern suggests the development of a self-assembled network, likely driven by 

intermolecular interactions between PFAS molecules, leading to aggregation and more 

complex surface organization beyond simple monolayer adsorption. 
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4.3 Competitive PFAS sorption onto GAC and IER (Paper Ⅲ) 

4.3.1 Competitive PFAS sorption: Co-existing PFAS 

 

A schematic overview of the experimental approach and workflow used in Paper Ⅲ is 

presented in Figure 11. The competitive sorption of PFAS on GAC showed a clear 

dependence on chain length and molecular structure (Figure 12; Figure 1 in Paper Ⅲ). Long-

chain PFAS maintained relatively high sorption under both single and mixed conditions, 

although redistribution among compounds was evident. PFOA showed the most pronounced 

reduction in the presence of coexisting PFAS, while PFOS and PFNA retained slightly higher 

sorption levels and exhibited closely comparable behavior (PFOS > PFNA > PFOA), likely 

due to their similar perfluorinated chain lengths [71]. In contrast, short-chain PFAS displayed 

weaker sorption and were more affected by competition. PFBA experienced the greatest 

suppression, whereas PFPeA and PFHxA showed moderate reductions in sorption. PFBS was 

the least affected among the short-chain PFAS and maintained comparatively higher sorption 

under mixed conditions. The overall competitive order for short-chain PFAS on GAC 

followed PFHxA > PFBS > PFPeA > PFBA. Stepwise spiking further showed progressive 

displacement of weaker sorbing compounds, with PFBA being substantially reduced following 

the addition of more competitive PFAS. 

Emerging PFAS exhibited lower sorption on GAC compared to long-chain compounds and 

followed trends similar to short-chain PFAS under competitive conditions (Figure 1k and 1l 

in Paper Ⅲ). GenX showed a greater decrease in sorption relative to 6:2 FTSA, indicating 

lower stability on the GAC surface, while 6:2 FTSA remained comparatively more retained. 

Overall, these results suggest that emerging PFAS are more susceptible to competitive effects, 

with their behavior positioned between short- and long-chain compounds. 
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Figure 11: Conceptual workflow and experimental approach used in Paper III. 
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On IER, the overall sorption capacity was lower than that observed for GAC, but the 

competitive patterns differed. Long-chain PFAS maintained relatively stable sorption under 

mixed conditions, with PFOS remaining the dominant compound, followed by PFNA and 

PFOA. Short-chain PFAS showed reduced sorption compared to long-chain compounds, 

although PFBS remained the strongest competitor and retained higher adsorption even in the 

presence of coexisting PFAS. PFBA exhibited a substantial decrease over time, particularly 

under stepwise conditions (Figure 1d in Paper Ⅲ), but still showed slightly higher retention 

compared to its behavior on GAC. Competitive displacement on IER was generally less 

pronounced, as some compounds such as PFBS maintained sorption levels close to single-

solute conditions. For emerging PFAS, GenX showed lower retention and greater sensitivity 

to competition, whereas 6:2 FTSA remained more stable (Figure 1 k and 1 l in Paper Ⅲ). 

Overall, the results indicate distinct competitive behavior between GAC and IER, with IER 

showing greater resistance to displacement for certain PFAS despite lower overall sorption 

capacity. 

 

 
Figure 12: Competitive Sorption and displacement of PFASs in the presence of coexisting 

PFAS compounds at an equimolar concentration of 2 µM (for each compound). SC and LC 
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represent short- and long-chain PFAS, respectively, under single-solute (individual) and 

simultaneous multi-solute (Mix) conditions. 

 

4.3.2 Competitive PFAS sorption/displacement: DOM impact  

 

The presence of DOM significantly influenced PFAS sorption, with a greater effect observed 

on GAC than on IER (Figure 13; Figure 4 in Paper Ⅲ). On GAC, both fulvic acid (FA) and 

humic acid (HA) caused notable displacement of previously sorbed PFAS, with higher DOM 

concentrations leading to greater reductions across both short- and long-chain compounds. 

This effect was particularly pronounced for long-chain PFAS, for which substantial decreases 

in sorption were observed under HA-dominated conditions. Short-chain PFAS also showed 

considerable reductions, although PFBS remained relatively more stable compared to other 

short-chain compounds. Among emerging PFAS, GenX exhibited a higher degree of 

displacement than 6:2 FTSA, indicating lower stability on the GAC surface in the presence 

of DOM. In contrast, on IER, the impact of DOM was less pronounced. Only limited 

displacement was observed at lower DOM concentrations, while higher levels led to moderate 

reductions, primarily affecting short-chain PFAS such as PFBA and PFPeA. Long-chain 

PFAS, particularly PFOS, remained comparatively stable. Emerging PFAS showed minor 

sensitivity, with GenX being slightly more affected than 6:2 FTSA. These findings are in 

agreement with existing literature [72,73]. 

 

4.3.3 Competitive PFAS sorption/displacement: Impact of phosphate ions 

 

Phosphate addition showed slightly different effects in GAC and IER systems (Figure 13; 

Figure 3 in Paper Ⅲ). On GAC, phosphate caused only minor PFAS displacement even at 

higher concentrations. Long-chain PFAS were only slightly affected, whereas short-chain 

PFAS and emerging compounds exhibited relatively higher sensitivity to phosphate 

competition. For example, both GenX and 6:2 FTSA showed some decrease in adsorption at 

elevated phosphate levels, although the overall extent remained relatively low compared with 

other conditions. In contrast, on IER, phosphate induced a more pronounced displacement 

of PFAS. While lower phosphate levels had minimal effect, higher phosphate concentrations 

led to substantial PFAS sorption displacement across multiple PFAS compounds. This effect 

was particularly evident for emerging PFAS, among which GenX showed the highest 

decrease, followed by 6:2 FTSA. Long-chain PFAS were also affected, although PFOS 

showed comparatively less displacement. This behavior can be attributed to the high affinity 

of phosphate for positively charged functional groups on IER, leading to direct competition 

with PFAS for electrostatic adsorption sites. In contrast, sorption on GAC is largely governed 
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by hydrophobic interactions, making it less sensitive to inorganic anions such as phosphate 

[74,75].   

 

 

 

Figure 13: Heatmap illustrating sorption inhibition/displacement (%) of short-chain, long-

chain, and emerging PFAS in the presence of coexisting species on GAC and IER surfaces. P 

represents phosphate at three concentration levels, while fulvic acid and humic acid represent 

fulvic acid and humic acid at two concentration levels, respectively. Inhibition values range 

from 0 to 100%. Detailed inhibition values are reported in Paper Ⅲ. 
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4.4 Hydrodynamic Effects on PFAS Adsorption: RBR, Batch, and Column 

Systems (Paper Ⅳ) 

4.4.1 Comparative PFAS Removal Kinetics: RBR vs. Batch 

 

A schematic overview of the experimental approach used in Paper Ⅳ is presented in Figure 

14. The comparison between the RBR and batch systems showed that the RBR accelerated 

PFAS removal kinetics for both IER and GAC (Figure 15; Figures 1 and 2 in Paper Ⅳ). This 

effect was particularly evident for short-chain PFAS, where the RBR system achieved 

noticeably higher removal within the same experimental duration. In contrast, the batch 

system exhibited a slower decline in concentration, with longer times required to approach 

equilibrium conditions. In the IER system, PFBA approached near-complete removal after 

approximately 12 h in the RBR, whereas the batch system required about 100 h to reach a 

comparable level. Similarly, PFBS was nearly completely removed within 12 h in the RBR 

but required approximately 168 h in the batch system. The difference was also pronounced 

for 6:2 FTSA, for which the RBR achieved approximately 65% removal after 24 h, compared 

with only about 8% in the batch system. The GAC system showed a similar but compound-

dependent enhancement in adsorption kinetics. PFBA removal reached nearly 100% within 6 

h in the RBR, compared with approximately 60% in the batch system. Similarly, PFBS 

removal after 6 h was approximately 94% in the RBR and 55% in the batch system. However, 

the difference between the two systems decreased for longer-chain PFAS. After 12 h, PFOA 

removal was approximately 100% in the RBR and 90% in the batch system, whereas PFOS 

and PFNA showed only minor differences between the two configurations. Overall, the 

kinetic enhancement provided by the RBR was more pronounced for IER than for GAC 

and was generally greatest for short-chain PFAS, although the magnitude of the improvement 

remained compound and sorbent-specific. 

The observed enhancement in the RBR system can be attributed to improved mass transfer 

between the liquid phase and the sorbent surface. The continuous rotation promotes enhanced 

mixing and reduces the thickness of the boundary layer surrounding the sorbent particles, 

thereby facilitating faster transport of PFAS molecules to available adsorption sites [76,77]. 

This effect appears to be particularly important for short-chain PFAS, which are more sensitive 

to mass-transfer resistance under conventional batch conditions [78]. As a result, the RBR 

system enables a more rapid approach to adsorption equilibrium compared to the batch 

configuration. These findings indicate that hydrodynamic intensification can reduce kinetic 

limitations in PFAS adsorption, particularly for compounds that are more difficult to remove 

using conventional treatment configurations.  
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Figure 14: Conceptual workflow and experimental approach used in Paper Ⅳ. 
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Kinetic modelling further supported the acceleration produced by the RBR (Table 1 in Paper 

Ⅳ). The pseudo-first-order rate constant (k1) increased by approximately 3-16-fold for IER 

and 1.2-15-fold for GAC compared with the batch system. The pseudo-second-order rate 

constant (k₂) also increased. For PFOA, the k2 constant increased from 0.99 to 5.04 g mg-1 h-

1 on IER and from 3.08 to 9.33 g mg-1 h-1 on GAC. These findings demonstrate that 

intensified hydrodynamic conditions accelerated PFAS adsorption. The RBR exhibited 

higher k2 values than the batch system, with the greatest increase observed for short-chain 

PFAS, indicating that their adsorption was particularly sensitive to mass transfer resistance 

under batch conditions. The enhanced kinetics observed in the RBR are therefore consistent 

with intensified liquid-solid mass transfer, which can reduce external diffusion resistance and 

facilitate transport of PFAS to available adsorption sites [47,79,80]. 
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Figure 15: Comparison of short-chain PFAS removal kinetics in the rotating bed reactor and 

conventional batch system using GAC and IER. 



 

 39 

4.4.2 PFAS removal performance: RBR vs. Small scale column 

 

The comparison between the RBR and the small-scale column test (SSCT) revealed distinct 

differences in PFAS removal performance over 50 treatment cycles (Figure 16; Figure 4 in 

Paper Ⅳ). Although both systems achieved high overall removal efficiencies, the SSCT 

maintained a more consistent effluent quality, particularly for short-chain PFAS. For PFBA, 

the SSCT maintained C/C0 below 5%, whereas the RBR reached approximately 40% after 

50 cycles. Similar differences were observed for PFPeA and PFHxA, for which final C/C0 

values were approximately 15% and 6.2% in the RBR, compared with about 0.5% and 0.2% 

in the SSCT, respectively. 

Long-chain PFAS generally exhibited higher removal in both systems, although the SSCT 

delayed breakthrough more effectively than the RBR. At the final cycle, the C/C0 values for 

PFOA were approximately 0.64% in the RBR and 0.03% in the SSCT, whereas the 

corresponding values for PFNA were approximately 0.55% and 0.05%, respectively (Figure 4 

in Paper Ⅳ). PFOS remained highly retained in both systems, with C/C0 values close to 

0.01%. In contrast, 6:2 FTSA exhibited the lowest removal, with its concentration in the 

RBR effluent reaching approximately 71% of the influent concentration after 50 cycles. 

The difference in performance between the two systems was primarily attributed to their 

distinct contact patterns and IER bed utilization. Under plug-flow conditions, a defined mass-

transfer zone developed in the SSCT and progressed through the column, allowing successive 

sections of the resin bed to be utilized [81]. In the RBR, intensified mixing reduced external 

mass-transfer resistance and accelerated adsorption; however, the entire resin inventory was 

exposed simultaneously to the solution in a single well-mixed stage [82]. This configuration 

provided fewer effective adsorption stages and resulted in an earlier increase in effluent 

concentrations despite the faster adsorption kinetics. Thus, the RBR is better suited for rapid 

and intensified treatment, whereas the SSCT provides more sustained removal and more 

efficient resin utilization during continuous operation. 
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Figure 16: Representative results for four selected PFAS compounds, comparing removal 

performance in the rotating bed reactor and small-scale column test systems. The profiles 

highlight differences in removal efficiency and breakthrough behavior between the two 

configurations. Error bars represent the standard deviation (n = 2). 
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5 Conclusion 

 

The main conclusions presented in this thesis are summarized below:  

 

1. The findings of Paper I directly address the objective of assessing PFAS sorption in 

soils with contrasting SOM compositions and evaluating PFAS-induced changes in 

DOM release and chemistry. The SOM composition, rather than organic carbon 

content alone, substantially influenced PFAS retention, with more hydrophobic 

organic matter associated with greater sorption. PFAS exposure also altered DOM 

release and composition, particularly by enhancing DOM mobilization in soils with 

less hydrophobic SOM and shifting the released DOM toward more hydrophobic 

components. Overall, the results demonstrate a reciprocal interaction in which SOM 

composition influences PFAS retention, while PFAS can modify DOM mobilization 

and chemistry. 

 

2. The findings of Paper II directly address the objective of elucidating the adsorption 

behavior of PFOA and PFOS on Fh under individual and mixed conditions. PFAS 

adsorption was strongly dependent on pH and concentration, with substantially 

greater sorption under acidic conditions due to favorable electrostatic attraction 

between anionic PFAS and the positively charged Fh surface. The S-shaped 

isotherms, increasing Kd values in mixed systems, and AFM evidence of aggregate 

and network formation further indicate that PFAS-PFAS interactions contributed to 

cooperative adsorption at higher surface coverage. The enhanced adsorption 

observed in the mixed systems also demonstrated synergistic interactions between 

PFOA and PFOS. Overall, the results show that PFAS adsorption onto Fh is 

governed by a combination of electrostatic interactions and intermolecular PFAS-

PFAS interactions, with their relative importance varying with pH, concentration, 

and mixture composition. 

 

3. The findings of Paper III directly address the objective of determining how PFAS 

molecular structure and co-existing species control competitive adsorption and 

displacement on hydrophobic and electrostatic sorbents. PFAS chain length and 

functional group chemistry governed the competitive hierarchy, with long-chain 

PFAS and sulfonates generally showing stronger retention and greater 

competitiveness than short-chain PFAS and carboxylates. The effects of co-existing 

species were strongly sorbent-dependent: DOM caused substantial PFAS 

displacement from hydrophobically dominated GAC, whereas IER maintained 

greater PFAS selectivity but was more sensitive to phosphate competition. Overall, 
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the results show that competitive PFAS adsorption cannot be predicted from 

molecular structure or sorbent properties alone but depends on their interaction with 

the surrounding water matrix. These findings directly support the need to consider 

both PFAS chemistry and co-existing constituents when evaluating GAC and IER-

based treatment systems. 

 

4. Finally, the findings of Paper IV directly address the objective of evaluating the 

influence of the RBR on PFAS adsorption kinetics and removal efficiency relative 

to batch and column systems. The RBR substantially accelerated PFAS adsorption 

compared with the conventional batch system, with the greatest kinetic 

improvements generally observed for short-chain PFAS. This enhancement was 

attributed to improved solid-liquid mass transfer under intensified hydrodynamic 

conditions. However, faster adsorption in the RBR did not result in better sustained 

removal than the SSCT, which maintained lower effluent concentrations and 

delayed breakthrough during repeated treatment cycles. Overall, the results show 

that reactor configuration strongly influences PFAS treatment performance: the 

RBR provides rapid adsorption, whereas the SSCT provides more sustained removal 

and more efficient sorbent utilization. These differences were compound-specific 

and particularly important for short-chain PFAS. 
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6 Outlook 

 

Although significant progress has been made in understanding PFAS behavior in 

environmental and engineered systems, several important research challenges remain 

unsolved. One key area for future investigation involves the continued exploration of PFAS 

interactions with natural organic matter in soils and sediments. While this work demonstrated 

that organic matter composition strongly influences PFAS retention and its potential mobility, 

the molecular-scale mechanisms governing these interactions remain incompletely 

understood. Future studies combining advanced spectroscopic techniques with molecular 

modelling could provide deeper insight into the structural interactions between PFAS 

molecules and different organic functional groups. 

Another important research direction concerns the role of mineral surfaces and geochemical 

conditions in controlling PFAS retention and mobility in subsurface environments. The results 

of this thesis showed that Fh can strongly retain PFAS under acidic conditions, with adsorption 

strongly dependent on pH, PFAS concentration, and mixture composition. In natural systems, 

mineral surfaces coexist with complex mixtures of organic compounds, dissolved ions, and 

microbial activity. Future investigations should therefore examine PFAS behavior in more 

complex environmental matrices that better represent natural soils and sediments, including 

the combined effects of mineral phases, organic matter, competing ions, and changing solution 

chemistry. 

From a remediation perspective, further work is needed to improve the performance and 

reliability of adsorption-based treatment systems. Competitive interactions between PFAS 

compounds and co-existing water constituents remain a major challenge for practical 

treatment applications. Future work should therefore focus on improving the selective 

retention of short-chain and emerging PFAS while reducing the sorbent-specific effects of 

DOM and inorganic competitors. In addition, understanding the long-term stability of PFAS 

adsorption and the potential for desorption or displacement under changing water chemistry 

conditions will be critical for predicting long-term treatment performance and breakthrough. 

Finally, the results obtained from the RBR studies highlight the importance of hydrodynamic 

conditions and process design in PFAS remediation technologies. While intensified systems 

such as the RBR demonstrated substantially faster adsorption kinetics, further research is 

needed to evaluate their scalability, energy requirements, and integration into existing 

treatment infrastructures. Future work should explore hybrid treatment configurations that 

combine the advantages of intensified reactors for rapid PFAS adsorption with the sustained 

removal and efficient sorbent utilization provided by fixed-bed systems. Such integrated 

approaches may ultimately provide more robust and adaptable solutions for managing PFAS 

contamination in real-world water treatment systems. 
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Overall, continued progress in PFAS research will require interdisciplinary efforts integrating 

environmental chemistry, materials science, and process engineering to translate mechanistic 

understanding into more robust and effective PFAS management and remediation strategies. 
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