
1 

 

AN INTEGRATED LITERATURE AND 
MODELLING-BASED EVALUATION OF 
PFAS REMOVAL IN CONSTRUCTED 
WETLANDS USING 
PHYTOFILTRATION  

A CAPACITY-LIMITED MATLAB SIMULATION OF LONG- AND SHORT-
CHAIN PFAS REMOVAL BY EMERGENT AQUATIC PLANTS 
 

EBRU SEMAAN 

 

 

 

 

 

  

Department of Engineering Sciences 
Course: Degree project course 
Course code: MTK343 
Program: Master`s Programme in 
Environmental Engineering for Sustainable 
Development 
 

Supervisor: Sumanna Kakoti  
Examiner: Yahya Jani 
Date: 2026-08-24 
Email: esn23010@student.mdu.se 
 

 



2 

 

 

ABSTRACT 

This thesis investigates the potential of phytofiltration as a nature-based solution for removing 

per- and polyfluoroalkyl substances (PFAS) from Swedish municipal wastewater. A systematic 

literature review was combined with a capacity-limited dynamic mass balance model 

developed in MATLAB to evaluate PFAS removal mechanisms in constructed wetlands. The 

model incorporated a finite plant uptake capacity (Qmax) derived from the adsorption capacity 

concept used in phytoremediation studies, coupled with a first-order uptake rate within a 

continuously stirred tank reactor (CSTR) framework. Simulations were conducted over a 24-

week growing season for three emergent aquatic plant species: Carex rostrata, Cyperus 

alternifolius, and Eriophorum angustifolium. The results demonstrate that long-chain PFAS 

are removed more effectively than short-chain PFAS, with removal efficiencies ranging from 

61% to 95% for long-chain compounds and 12% to 27% for short-chain compounds. Cyperus 

alternifolius exhibited the highest long-chain PFAS removal (95%), while Carex rostrata 

showed highest short-chain PFAS removal (27%). Eriophorum angustifolium exhibited the 

lowest overall performance. The cumulative uptake analysis revealed that plant uptake 

remained below the estimated Qmax for Carex rostrata and Eriophorum angustifolium 

throughout the modelled growing season. A sensitivity analysis showed variation in Qmax had 

a comparatively limited influence on predicted removal, while the model was more sensitive to 

variation in the plant uptake rate constant kU. The findings suggest that phytofiltration can 

contribute to PFAS removal in municipal wastewater, particularly for long-chain compounds. 

However, it is unlikely to function effectively as a standalone treatment method due to low 

removal efficiencies for short-chain PFAS. Phytofiltration may be more suitable as a 

complementary technology within hybrid treatment systems. Future research should focus on 

field validation of uptake rate constants in Swedish CWs, investigation of additional plant 

species, and integration with other treatment technologies.   

 

Keywords: Aquatic plants, Constructed wetland, Emergent plants, PFAS, Long-chain PFAS, 

Modelling, Phytoremediation, Phytofiltration, Short-chain PFAS. 
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SUMMARY 

Per- and polyfluoroalkyl substances (PFAS) are a group of extremely persistent organic 

pollutants widely found in industrial and consumer products. Their chemical stability and 

resistance to degradation have led to significant environmental and health concerns. PFAS 

are frequently detected in Swedish municipal wastewater and surface waters at 

concentrations exceeding recommended safety limits. Conventional wastewater treatment 

processes are largely ineffective for PFAS removal, particularly for short-chain compounds 

that remain soluble and mobile in water. These circumstances have created demand for 

alternative, sustainable treatment strategies such as nature-based solutions (NbS). 

This thesis explores phytofiltration, a plant-based process within the broader concept of 

phytoremediation, which uses aquatic emergent plants to remove or retain contaminants 

through root uptake, adsorption, and rhizosphere interactions. Constructed wetlands (CWs), 

already implemented in Sweden for nutrient removal, provide a suitable platform for 

integrating phytofiltration. However, limited research exists on its effectiveness for PFAS 

removal in aquatic systems, especially under Swedish climatic conditions.  

The purpose of the thesis is to evaluate the potential of phytofiltration for removing long- and 

short-chain PFAS from municipal wastewater to assess its applicability to Swedish treatment 

systems. The thesis aimed to (RQ1) examine how phytofiltration functions for PFAS removal 

and which emergent plant species are the most effective, (RQ2) determine how PFAS 

accumulation varies among selected species under simulated Swedish CW conditions, and 

(RQ3) evaluate whether phytofiltration could operate as a standalone treatment or should be 

combined with other methods.  

The thesis combined a systematic literature review with the development of a capacity-

limited dynamic mass balance model implemented in MATLAB. The model simulated 

temporal PFAS concentrations in CWs during the active growing season (April–September). 

A finite plant uptake capacity (Qmax) was introduced based on the physical reality that plant 

tissues cannot accumulate contaminants indefinitely. Three aquatic emergent plants — Carex 

rostrata, Cyperus alternifolius, and Eriophorum angustifolium — were selected based on 

documented PFAS uptake capacity. The model tracked two state variables: the water-phase 

PFAS concentration and the cumulative PFAS mass absorbed by plants. A sensitivity analysis 

was performed to evaluate the influence of parameter uncertainty on the model outputs.   

The results revealed clear distinctions between long- and short-chain PFAS behaviour. Long-

chain PFAS demonstrated significantly higher removal efficiencies (61–95%) due to their 
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stronger sorption affinity for plant tissues. Short-chain PFAS remained more mobile and 

were therefore less effectively removed (12–27%). The simulations predicted the greatest 

long-chain PFAS accumulation for Cyperus alternifolius (95%), followed by Carex rostrata 

(83%) and Eriophorum angustifolium (61%). For short-chain PFAS, Carex rostrata 

performed most effectively (27%). For Carex rostrata and Eriophorum angustifolium, 

cumulative uptake remained below the estimated Qmax throughout the modelled growing 

season.  

The sensitivity analysis demonstrated that the model is robust to uncertainty in Qmax but 

sensitive to the plant uptake rate constant (kU), highlighting the importance of field-validated 

kU values for reliable model predictions. 

The discussion highlighted that while phytofiltration contributes to PFAS mitigation, 

particularly for long-chain compounds, it alone cannot achieve sufficient removal for short-

chain PFAS to meet regulatory standards. The model provides a comparative framework for 

evaluating species performance under standardised conditions, and its structure allows 

future incorporation of field-validated parameters. 

In conclusion, the thesis demonstrates that phytofiltration can support PFAS removal in 

municipal wastewater, primarily for long-chain PFAS, and could be effectively integrated as 

part of hybrid treatment systems with other complementary technologies, such as granular 

activated carbon or membrane filtration. However, as a standalone treatment method, 

phytofiltration is insufficient for comprehensive PFAS reduction. Future work should focus 

on field validation of plant uptake rate constants in Swedish CWs, expanding species 

selection to include cold-adapted high-biomass species, and validating model assumptions 

with site-specific data.   
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1 INTRODUCTION 

1.1 Background  

1.1.1 PFAS 

Per- and polyfluoroalkyl substances (PFAS) have emerged as a significant environmental and 

public health concern due to their persistence, widespread occurrence, and negative effects on 

humans and ecosystems. Exposure to certain PFAS compounds has been associated with 

negative health outcomes, including immune system disruption, liver damage, developmental 

effects, and increased risk of certain cancers (Kannan et al., 2026, pp. 2). In aquatic 

environments, PFAS can accumulate in animals and food chains, posing long-term ecological 

risks. Their resistance to degradation means that once released into the environment, they can 

remain for decades and continue to circulate between water, soil, sediments, and living 

organisms (Liu et al., 2026, pp. 2). 

PFAS constitute a large group of persistent organic pollutants (POPs) used extensively in 

industrial and consumer products, including textiles, food packaging, firefighting foams and 

cosmetics (Priyadarshini et al., 2025, p. 2). The defining characteristic of PFAS is the strong 

carbon-fluorine (C-F) bond, one of the strongest chemical bonds in organic chemistry. This 

bond makes PFAS resistant to biological, chemical, and physical degradation, leading to their 

classification as persistent organic pollutants (POPs) (Wang et al., 2020, p. 2). 

PFAS have been detected in surface water and groundwater (upstream), wastewater, 

sediments, and drinking water worldwide, particularly in areas affected by industrial activities, 

airports, military facilitates, and fire stations, shown in Figure 1 (Priyadarshini et al., 2025, p. 

2). 
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Figure 1. A schematic figure where PFAS can be found in environment (source: Self-made). 

 

An influent PFAS concentration 

In Sweden, PFAS concentrations between 10–150 ng/L have been reported in municipal 

wastewater treatment plants (WWTPs) effluents, exceeding recommended limits and raising 

concerns for both ecosystems and human health (Malovanyy et al., 2025, pp. 1–2; Swedish 

Food Agency, 2026).  

The environmental behaviour of PFAS is strongly influenced by chain length and chemical 

structure. Long-chain PFAS are commonly defined as those containing eight or more carbon 

atoms and, whereas long-chain PFSAs contain six or more carbon atoms. Long-chain PFAS 

generally exhibit stronger sorption and bioaccumulation potential than short-chain. Short-

chain PFAS have lower molecular weights and higher water solubility, making them more 

mobile in aquatic environments but also more challenging to remove through conventional 

treatment processes (Fawad et al., 2026, p. 2). 

The chain length distinction is critical for evaluating treatment approaches, as uptake, 

retention, and removal mechanisms differ substantially between long- and short-chain 

compounds. With approximately 7,500 anthropogenic compounds, they are commonly 

grouped into categories presented in Table 1 (Kannan et al., 2026; Priyadarshini et al., 2025, 

p. 2). 
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Table 1. Classification of the most common PFAS groups (Kannan et al., 2026, pp. 2–3). 

 

Wastewater systems represent a key pathway for PFAS spreading. Sources include households, 

industrial discharges, stormwater runoff, and contaminated catchment areas. Notably, PFAS 

concentrations are often higher in WWTP effluents than influents due to the transformation of 

precursor compounds into more stable perfluoroalkyl acids (PFAAs) during treatment 

processes (Önnby et al., 2025, pp. 2752–2753. While long-chain PFAS are typically retained in 

sludge, short-chain PFAS remain in the aqueous phase and are discharged into receiving 

waters (Gobelius et al., 2023, pp. 8). This behaviour positions WWTPs not simply as passive 

conduits but as potential net contributors to PFAS pollution in downstream environments. 

 

1.1.2 Regulations 

Growing awareness of PFAS contamination has led to increasingly stringent regulatory 

frameworks. The primary objective of these regulations is to protect human health and 

environment by limiting long-term exposure to persistent PFAS compounds. Because PFAS 

can accumulate in water resources, wildlife, and human populations, even low concentrations 

may pose risks over extended periods. Regulatory limits are therefore intended to reduce PFAS 

inputs to the environment, safe drinking water quality, and prevent further accumulation of 

these substances in ecosystems and food chains. In addition, stricter regulations encourage the 

PFAS Group Functional 

group 

Example compounds Chain length Environmental 

characteristics 

Perfluoroalkyl 

Carboxylic 

Acids 

(PFCAs) 

-COOH 

(Carboxylic 

acids) 

-Perfluorooctanoic acid 

(PFOA) 

-Perflurorononanoic acid 

(PFNA) 

-Perfluorohexanoic acid 

(PFHxA) 

Long-chain  

 

Long-chain 

 

Short-chain 

Persistent, 

higher mobility 

in water, long-

chain-more 

bioaccumulative 

Perfluoroalkyl 

Sulfonic 

Acids 

(PFSAs) 

-SO3H 

(Sulfonic 

acids) 

-Perflurorooctanesulfonic 

acid 

(PFOS) 

-Perflurorohexanesulfonic 

acid (PFHxS) 

-Perflurorobutanesulfonic 

acid (PFBS) 

Long-chain 

 

 

Long-chain 

 

Short-chain 

PFOS shows 

higher sorption 

potential than 

short-chain 

PFBS 
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development and implementation of treatment technologies capable of reducing PFAS releases 

from anthropogenic sources.  

In Sweden, updated national drinking water regulations introduced on 1 January 2026 set 

strict limits for PFAS concentrations, including 4 ng/L for ∑PFAS-4 and 100 ng/L for ∑PFAS-

21 (see Appendix 1 for full list), shown in Table 2. The EU Drinking Water Directive 

(2020/2184) establishes a limit of 500 ng/L for ∑PFAS (Swedish Food Agency, 2026). 

 

Table 2. PFAS Regulatory limit values in Sweden and EU. 

PFAS parameter Limit Value 

∑PFAS-4 (PFOA, PFNA, 
PFOS, PFHxS) 

4 ng/L1 

∑PFAS-21 (PFCAs, PFSAs 
and FTS) 

100 ng/L1, 2 

∑PFAS-Total 500 ng/L3 

1 Swedish Food Agency, 2026 
2, 3 The EU drinking water directive 2020/2184 

 

Although these regulatory limits apply directly to drinking water, they indirectly influence 

wastewater management. Effluents from WWTPs are discharged into surface waters that often 

serve as sources for drinking water production, meaning high PFAS loads in wastewater can 

compromise downstream compliance with drinking water standards. 

Conventional biological processes are not designed to remove PFAS. Research indicates that 

short-chain PFAS can appear at higher concentrations in effluent than influent due to 

precursor transformation, meaning treatment may increase measurable PFAS levels. 

Specifically, some treatment processes, such as biological treatment (e.g., activated sludge) and 

advanced oxidation processes (AOPs), can transform PFAS precursors into more persistent 

short-chain PFAS. This can increase their concentrations in wastewater effluent.  treatment 

processes can transform PFAS precursors, leading to increased short-chain PFAS 

concentrations in wastewater effluent. The extent of this transformation depends on the 

specific wastewater composition and the treatment plant`s operating conditions. Although 

Sweden has established strict PFAS limits for drinking water, specific national discharge limits 

for PFAS in municipal WWTP effluents remain under development (Swedish Food Agency, 

2026). Consequently, increasing regulatory attention is expected to drive the implementation 
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of advanced technologies like granular activated carbon (GAC) and ion-exchange resins (AIX) 

to reduce PFAS releases to receiving waters (Gobelius et al., 2023, p. 8).  

These regulatory pressures, combined with the demonstrated failure of conventional treatment 

to remove PFAS effectively have created demand for alternative approaches that can 

complement or enhance existing treatment methods. 

1.1.3 Nature-based solutions 

In response to the limitations of conventional treatment methods, nature-based solutions 

(NbS) have gained attention as sustainable alternatives. NbS utilize natural processes such as 

plant uptake, soil filtration, and microbial activity to address environmental challenges like 

water pollution and climate change (Ribeiro et al., 2026, pp. 2–3).  

Examples of NbS include constructed wetlands (CW) for wastewater treatment, urban green 

roofs for stormwater management, reforestation for climate mitigation, river restoration to 

reduce flood risk, and phytoremediation systems for contaminant removal. Compared to 

advanced treatment methods like reverse osmosis (RO) and nanofiltration (NF), which achieve 

high PFAS removal efficiencies (>90%). NbS offer advantages such as lower energy demand, 

reduced operational costs, ecosystem benefits, biodiversity enhancement, and nutrient 

removal.  

However, NbS typically exhibit lower and more variable PFAS removal efficiencies 

(approximately 10–80%), particularly for short-chain PFAS compounds. Table 3 summarizes 

the trade-offs between treatment performance, operational complexity, and sustainability 

across different PFAS treatment methods (Ribeiro et al., 2026, pp. 2–3). 

 

Table 3. Comparison between different PFAS treatment technologies (Kannan et al., 2026, 
pp. 5–8; Luo et al., 2026, pp. 2–3). 

Technology Effectiveness Advantages Limitations 

Nature-based 

solutions (e.g., 

phytofiltration, 

constructed 

wetlands) 

~10-80% removal 

depending on PFAS 

type, plant species, 

and hydraulic 

retention time 

Low energy demand, 

sustainable, low 

operational cost and 

provides co-benefits such 

as biodiversity and 

nutrient removal 

Lower removal 

efficiency 

compared with 

advanced 

technologies. less 

effective for short-

chain PFAS; 
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requires large land 

area. 

Reverse 

Osmosis (RO) 

>90-99% removal Very high removal 

efficiency for most PFAS 

compounds; reliable 

treatment technology  

High energy 

consumption, high 

operational costs, 

requires further 

treatment. 

Nanofiltration 

(NF) 

~ 60–90% removal Effective membrane 

separation; lower energy 

requirement than RO 

Less effective for 

short-chain PFAS; 

membrane fouling. 

Granular 

activated carbon 

(GAC) 

~ 40-90% (higher for 

long-chain PFAS) 

Widely used, relatively 

simple operation, suitable 

for drinking water 

treatment 

Lower efficiency for 

short-chain PFAS 

requires frequent 

media replacement 

or regeneration. 

Ion-exchange 

resins (AIX) 

90-99% removal Already implemented in 

WWTPs, low cost. 

High efficiency to 

remove PFAS.   

 

Among NbS approaches, phytoremediation and specifically phytofiltration offer promise for 

integration with existing wastewater infrastructure such as CWs. 

 

1.1.4 Phytoremediation-Phytofiltration  

Phytoremediation processes are a subset of NbS that uses living plants to remove, transform, 

or stabilize contaminants in soil and water. Within this category, phytofiltration refers 

specifically to the use of aquatic plants and their root systems to remove pollutants from water. 

Phytofiltration systems rely on plant uptake, adsorption to root surface, and interactions 

within the rhizosphere. While most PFAS-related phytoremediation studies have focused on 

terrestrial plants, research on aquatic systems remains limited (Huang et al., 2021, pp. 1–3). 

This represents a critical knowledge gap, particularly given the relevance of aquatic 

environments for wastewater treatment. 

Plant characteristics are central to phytofiltration performance, PFAS removal is also 

influenced by contaminant properties, environmental conditions, and wetland design, 

presented in Table 4. Economic factors such as land availability, maintenance requirements, 

and biomass management affect the practical implementation of phytofiltration systems. The 
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effectiveness of PFAS treatment depends on both technical performance and operational 

feasibility.  

presented in Table 4 below (Lu et al., 2018, p. 30; Okpoghono & Anani, 2026, pp. 2–4; Wang 

& Delavar, 2023, pp. 2–8). Long-chain PFAS are generally more strongly retained in plant 

roots, whereas short-chain PFAS are more difficult to remove due to their higher mobility.  

 

Table 4. Factors affecting phytofiltration (Lu et al., 2018, p. 30; Okpoghono & Anani, 2026, 
pp. 2–4; Wang & Delavar, 2023, pp. 2–8). 

Factors Features Impact on PFAS removal 

efficiency 

PFAS properties Chain length, functional group, 

hydrophobicity sorption 

behaviour 

Long-chain PFAS generally 

exhibit higher sorption to plant 

tissues and sediments, while 

short-chain PFAS remain more 

mobile and are more difficult to 

retain. 

Plant characteristics Plant species, root morphology, 

biomass production, growth rate 

Determines PFAS uptake 

capacity, retention potential, and 

overall phytofiltration 

performance. 

Sediment characteristics Organic matter content, 

adsorption capacity, particle 

composition 

Controls PFAS retention in 

sediments and affects PFAS 

availability for plant uptake. 

Hydraulic conditions Hydraulic retention time (HRT), 

flow rate, constructed wetland 

configuration 

Influences contact time between 

PFAS, plants, and substrate, 

affecting overall removal. 

Operational and economic  Land requirements, 

maintenance needs, harvesting 

costs, monitoring requirements 

Determines the practical feasibility 

and long-term sustainability of 

phytofiltration systems. 

 

In Sweden, CWs are already widely implemented for nutrient removal, providing a practical 

foundation for the integration of phytofiltration into wastewater treatment systems. 

Significant uncertainties remain regarding the effectiveness of phytofiltration in aquatic 

systems under real-world conditions. Evidence from wastewater-relevant environments is 

limited, systematic comparison of plant species performance is lacking, and there is 
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insufficient understanding of how PFAS chain length influences removal efficiency in 

phytofiltration systems. Furthermore, the feasibility of implementing phytofiltration within 

the Swedish wastewater treatment context remains unclear. These gaps provide the foundation 

for the present thesis. 

1.2 Purpose/Aim 

The aim of this thesis is to evaluate the effectiveness of phytofiltration as a treatment method 

for removing both long- and short-chain PFAS from Swedish municipal wastewater, with a 

focus on its applicability in Swedish treatment systems. To achieve this aim, the thesis 

addresses three specific objectives: 

• To examine how phytofiltration functions in removing PFAS, with attention to 

differences in uptake behaviour between long- and short-chain compounds.  

• To determine which emergent aquatic plant species, demonstrate the highest PFAS 

removal potential under conditions relevant to Swedish CWs. 

• To evaluate whether phytofiltration can achieve sufficient PFAS removal as a 

standalone treatment method, or whether it must be combined with other treatment 

methods to meet regulatory discharge limits.  

 

The motivation for this thesis is grounded in the need to analyse existing evidence on PFAS 

removal through phytofiltration and to evaluate its potential applicability in Swedish 

municipal wastewater treatment. Rather than conducting laboratory or field experiments, this 

thesis uses literature-derived data and MATLAB-based modelling to compare PFAS removal 

potential of selected aquatic plant species and to assess the role of phytofiltration within 

constructed wetland treatment systems.  

1.3 Research questions 

This thesis supports the overall aim of understanding how phytofiltration can contribute to the 

PFAS mitigation in municipal wastewater treatment systems. The thesis focuses on assessing 

the potential, limitations, and applicability of aquatic emergent plants for PFAS removal under 

Swedish conditions: 

To address this aim, the following research questions were formulated: 

• RQ1: How does phytofiltration remove long-chain and short-chain PFAS from 

municipal wastewater? And which emergent plant species are the most effective? 
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• RQ2: How do selected emergent plant species differ in their PFAS accumulation over a 

24-week season under simulated Swedish constructed wetland conditions?  

• RQ3: What are the opportunities and limitations of phytofiltration as a treatment 

strategy for PFAS removal in municipal wastewater, and can it function as a standalone 

treatment, or should it be combined with other treatment technologies?  

1.4 Delimitation 

The thesis focuses specifically on the phytofiltration process as a plant-based treatment 

method for PFAS removal in wastewater. Other phytoremediation processes such as 

phytoextraction, phytodegradation, phytovolatilization, and phytostabilization are not 

examined in detail. The analysis is limited to aquatic emergent plant species because these 

plants are most commonly used in constructed wetlands and are particularly relevant for 

phytofiltration applications. Emergent species develop extensive root systems within the water 

column and sediment, allowing direct and continuous contact with contaminated water. This 

root-water interface is a key mechanism for PFAS uptake, adsorption, and associated microbial 

interactions that contribute to contaminant removal. Other aquatic plant groups, including 

floating plants and fully submerged plants, are not considered in this thesis because their root 

structures and physiological interactions with sediments and deeper water layers are generally 

less suitable for large-scale wastewater treatment systems. Emergent plants are more widely 

documented in engineered wetland applications, making them more relevant and comparable 

within the context of Swedish municipal wastewater treatment. 

The thesis focuses on PFAS contamination in Swedish municipal wastewater systems. 

Industrial wastewater treatment, landfill leachate treatment, and groundwater remediation 

are outside the scope of this project. The thesis only focuses on three aquatic emergent plants. 

Furthermore, the research focuses on Swedish climatic conditions during the growing season, 

from April to September. The colder period between October to March was excluded because 

plant growth and phytofiltration activity are significantly reduced during these months. The 

study groups of PFAS are divided into two categories: long- and short-chain PFAS compounds.  

The model represents PFAS as two groups: long-chain PFAS and short-chain PFAS. PFOA and 

PFOS were selected as representative compounds for the long-chain group, while PFHxA and 

PFBS were selected as representative compounds for the short-chain group. These compounds 

were not modelled individually, instead, they served as representative examples of the two 

PFAS categories.  
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2 LITERATURE STUDY 

This literature review examines current scientific knowledge regarding PFAS behaviour in 

municipal wastewater and the potential of phytofiltration as a treatment strategy. Particular 

attention is given to PFAS properties, plant-based removal mechanisms, and the performance 

of aquatic emergent plants in constructed wetlands (CWs). The review also identifies key 

knowledge gaps relevant to the application of phytofiltration in Swedish wastewater treatment.  

The growing concern regarding PFAS contamination has increased interest in treatment 

technologies capable of reducing PFAS concentrations in wastewater and aquatic 

environments. Conventional wastewater treatment processes are generally ineffective for 

PFAS removal, particularly for short-chain compounds. As a result, researchers have 

investigated a range of alternative treatment technologies, including adsorption, membrane 

filtration, advanced oxidation processes, and phytoremediation.  

Among these approaches, phytoremediation has received increasing attention because it offers 

a nature-based and potentially cost-effective treatment strategy for water and soil. 

Phytoremediation relies on the ability of plants to absorb, retain, transform, or stabilize 

contaminants through natural biological processes. Compared with conventional treatment 

technologies, phytoremediation generally requires lower energy inputs and can be integrated 

into existing treatment systems with relatively low operational costs. Within 

phytoremediation, phytofiltration using aquatic plants has emerged as a promising approach 

for wastewater treatment applications, particularly in CWs where plant uptake and retention 

processes may contribute to PFAS removal.  

Figure 2 illustrates the distribution of peer-reviewed studies on different phytoremediation 

processes between 2016-2026. Among the processes, phytoextraction is the most extensively 

studied, with a significantly higher number of publications compared to the other 

phytoremediation processes. Phytofiltration has the lowest number of publications, indicating 

that it remains a less explored area within phytoremediation research.  
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Figure 2. Distribution of peer-reviewed articles on different phytoremediation processes (2016-2026). 

 

Several factors may explain this limited research attention. PFAS have only recently gained 

recognition as priority contaminants, and plant-based treatment methods remain under 

development. Phytofiltration outcomes are influenced by site-specific conditions, plant 

characteristics, and contaminant properties, which make results variable and difficult to 

generalise. Phytofiltration typically shows slower removal rates, requires longer study periods, 

and is affected by seasonal and climatic variations that limit consistency.  

2.1 PFAS IN MUNICIPAL WASTEWATER 

While PFAS may be present at relatively low concentrations, the sheer volume of wastewater 

discharged by these systems annually makes them a significant source of environmental 

contamination. A key challenge is that conventional wastewater treatment processes are often 

ineffective at completely removing these persistent compounds (Malovanyy et al., 2025, pp. 1-

2). 

The environmental behaviour of PFAS in wastewater is strongly influenced by chain length and 

functional groups. Following the commonly used chain-length classification, long-chain 

PFCAs contain eight or more carbon atoms, while long-chain PFSAs contain six or more carbon 

atoms. Shorter-chain compounds generally remain more mobile in the aqueous phase, 
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whereas long-chain PFAS tend to associate more strongly with solids and organic matter (He 

et al., 2023, p. 7).  

Swedish municipal wastewater typically contains a mixture of high nutrient loads, organic 

matter, suspended solids, pathogens, metals, pharmaceuticals, and micropollutants, and 

emerging contaminants such as PFAS. Following treatment, the quality of the discharged 

effluent is regulated through national discharge requirements. The applicable discharge limits 

are presented in tables 5 and 6 below (Göteborgs stad, 2026). The presence of these co-

contaminants can influence PFAS removal by competing for sorption sites, altering 

physicochemical conditions, and affecting treatment efficiency. For example, dissolved organic 

matter and suspended solids can bind PFAS or occupy adsorption sites, reducing the 

effectiveness of treatment processes such as GAC or NF. In addition, variations in pH, ionic 

strength, and the treatment systems, thereby complicating removal performance (Niarchos et 

al., 2023, pp. 4-5).  

 

Table 5. Limit values of metals and contaminants in wastewater in municipal of Gothenburg 
(Göteborgs stad, 2026). 

Metals Limit Value (µg/l) 

Arsenic 16 

Nickel 68 

Cadmium 0,9 

Mercury 2.5 

Lead 28 

Copper 10 

Chrome 7 

Zinc 30 

 

Table 6. Nutrients and Organic matter Limits downstream municipal of Gothenburg (Göteborgs 
stad, 2026). 

Nutrients and Organic Matter Limit value (ng/L) 

COD (Chemical oxygen demand) - 

BOD7 (Biochemical oxygen 

demand measured over 7 days) 

6 x 106 

Total Phosphorus (Tot-P) 2 x 105 

Total Nitrogen (Tot-N) 1 x 107 
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2.2 CONCEPT OF PHYTOREMEDIATION AND PHYTOFILTRATION 

Phytoremediation is a group of plant-based remediation processes that use living plants to 

remove, stabilize, transform, and contain pollutants in air, soil, or water. The theoretical 

foundation is based on plant morphology, rhizosphere interactions, contaminant transport 

processes, and ecological engineering principles. Different phytoremediation processes 

include phytoextraction, phytostabilization, phytodegradation, phytovolatilization, and 

phytofiltration, illustrated in Figure 3 (Rezania et al., 2016, p. 589). 

 

Figure 3. Phytoremediation and its different processes (source: self-made). 

 

Phytofiltration, sometimes referred to as hydraulic control, is a process relevant for all aquatic 

plants whether they are floating, submerged, or emergent (Verma et al., 2025, p. 305).  

Phytofiltration has three sub-mechanisms, which depend on where the removal of PFAS 

occurs. The process comprises three sub-mechanisms depending on where contaminant 

removal occurs: rhizofiltration (in roots), blastofiltration (in seedlings), and caulofiltration (in 

shoots) (Rezania et al., 2016, p. 589).  

The main mechanism of phytofiltration occurs in the plant roots, where PFAS are absorbed, 

illustrated in Figure 4. Uptake and transportation depend on three key factors: root uptake, 

intracellular mobility, and long-distance translocation. 
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Figure 4. Schematic presentation of phytofiltration process in water with emergent plant species 
(source: self-made). 

 

Root uptake can occur via passive transport or active transport. Passive transport involves 

small molecules of short-chain PFAS through diffusion. Active transport starts with selective 

uptake of PFAS in the roots and is followed by transport via selective transporters such as ion 

channels and aquaporins. Ion channels and aquaporins support the movement and 

transportation of PFAS into plant cells (Mei et al., 2021, p. 5).  

Following uptake, intracellular transport occurs through symplastic and apoplastic pathways. 

The symplastic pathway is so called when PFAS are transported between adjacent cells through 

plasmodesmata, which is more effective for short-chain PFAS. For long-chain PFAS, the 

apoplastic pathway is more suitable, where PFAS diffuse through cell walls and intercellular 

spaces. Long-distance transportation of PFAS occurs through transpiration in the xylem of the 

plant, which is a vascular tissue in the plant. Xylem vessels carry PFAS further to the stems 

and leaves. In the Casparian strip, located in the endodermis, the PFAS are transported further 

upwards by translocation (Zhao et al., 2025, p. 8). 
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2.3 ROLE OF AQUATIC EMERGENT PLANTS  

Aquatic plants are species that grow and complete their life cycles in aquatic environments. 

Among these, emergent aquatic plants are rooted in sediments while their stems and leaves 

extend above the water surface, making them particularly suitable for constructed wetlands 

and phytofiltration systems. Common examples of emergent aquatic plant species include 

Phragmites australis, Typha latifolia, and Scirpus lacustris. These species are widely applied in 

wastewater systems due to their well-developed root systems, tolerance to varying 

environmental conditions, and ability to support rhizosphere microorganisms that contribute 

to contaminant removal (Zhao et al., 2025, p. 4). 

Aquatic plants are adapted to live fully submerged or in water-saturated conditions and obtain 

nutrients directly from the environment, which can be in water and/or sediments. They can 

tolerate a wide range of environmental parameters, such as hydrological conditions, 

fluctuating oxygen levels, and nutrient availability (Lu et al., 2018, p. 30).  

Based on their growth form and position relative to the water surface, aquatic plants are 

generally classified into three main groups: emergent, submerged, and floating plants. 

Emergent plants, such as Phragmites australis and Typha latifolia, are rooted in sediment 

with aerial shoots.  

Submerged plants, such as Elodea canadensis, grow entirely below the water surface. 

Submerged plants grow fully beneath water surface and are typically rooted in the sediment 

(Fawad et al., 2026, p. 6).  

Floating plants, including Eichhornia crassipes (water hyacinth), float on the water surface 

with roots suspended in the water column (Zhao et al., 2025, p. 8). 

Both emergent and submerged plants have demonstrated the ability to uptake PFAS, with 

performance influenced by root morphology, growth rate, and tolerance to contaminants. 

Aquatic plants have increasingly been studied for phytoremediation in water due to their root 

systems being, which are continuously in contaminated water. Plant selection is a key factor 

for analysing the phytofiltration process because it influences removal efficiency depending on 

which plant is examined. Plants with extensive root surfaces tend to grow faster and exhibit 

PFAS accumulation under controlled hydraulic conditions. However, studies such as (Zhao et 

al., 2025) and (Greger & Landberg, 2024) were conducted under laboratory scale conditions, 

which is limits direct transferability to full-scale WWTPs. 
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2.3.1 Long-chain PFAS 

The comparison, among the aquatic emergent plants, illustrated in Figure 7, shows clear 

differences in their capacity to remove PFOA and PFOS from wastewater. Using the species-

specific plant uptake rate constant (Ku) derived from the literature Table 4, the MATLAB 

simulations predicted that Cyperus alternifolius exhibited the highest removal efficiency for 

long-chain PFAS at approximately 95%, followed by Carex rostrata with approximately 83%. 

Eriophorum angustifolium showed the lowest performance with approximately 61%. The 

highest removal efficiency observed for Cyperus alternifolius suggests that this species may 

have a greater storage capacity for PFAS accumulation, uptake and stronger interactions with 

PFAS within the constructed wetland. Emergent wetland plants can remove PFAS from water 

through several mechanisms, including root uptake, adsorption to plant tissues, and 

accumulation within biomass. Species with larger root systems or higher biomass production 

may therefore exhibit greater PFAS removal potential. The removal efficiency observed for 

Carex rostrata indicates that this species can also contribute significantly to PFAS reduction 

in CWs. Previous studies have shown that species such as Carex rostrata are effective in 

phytoremediation systems due to their extensive roots and ability to tolerate contaminated 

environments. These characteristics can enhance contaminant uptake and facilitate 

interactions between PFAS and plant tissues.  

Eriophorum angustifolium exhibited the lowest removal efficiency among the evaluated 

species. This might be because Eriophorum angustifolium typically produces lower biomass 

and develops sparser, less dense roots compared to the other two plants. Fewer roots mean 

less surface area for sorption and reduced overall storage capacity for PFAS accumulation. 

Differences in morphology, root structure, and physiological properties may influence PFAS 

uptake and accumulation within plant tissues, which can explain the variations in removal 

efficiency observed in Figure 5.  
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Figure 5. An illustrated bar-chart of aquatic emergent plants and comparison of their removal 

efficiency of long-chain PFAS. 

 

Comparison of short-chain and long-chain PFAS trends is consistent with previous studies, 

which demonstrate that long-chain PFAS compounds have stronger sorption affinity to plant 

tissues and wetland substrates than short-chain PFAS. One major factor explaining the 

difference in the chemical structure of PFAS compounds is the length of the perfluorinated 

carbon chain. Long-chain PFAS, such as PFOS and PFOA, contain six or more perfluorinated 

carbon atoms (Zhang et al., 2019, p. 2). These compounds exhibit stronger hydrophobic and 

lipophilic characteristics compared with short-chain PFAS. As a result, long-chain PFAS tend 

to interact more strongly with organic matter, plant tissues, and sediment particles. 

The removal efficiencies observed for Carex rostrata, Cyperus alternifolius, and Eriophorum 

angustifolium differ considerably from those reported for heavy-metal removal for the same 

plant species. In general, aquatic emergent plants demonstrate higher removal efficiencies for 

heavy metals than for PFAS, which reflects differences in the physicochemical behaviour of 

these contaminants (Rezania et al., 2016, p. 596).  

In addition to contaminant properties, plant growth characteristics play an important role in 

determining overall removal performance. Both Carex rostrata and Eriophorum 

angustifolium are perennial, clonal sedge species adapted to cold and temperate climates, 

which makes them well suited to Swedish wetland environments. Their growth is strongly 

seasonal when temperature and light conditions are favourable. For example, Carex rostrata 

exhibits peak biomass production in early summer, while shoot growth may continue 

throughout the growing season depending on environmental conditions (Hinzke et al., 2021, 

pp. 4-5). Similarly, eriophorum angustifolium is a rhizomatous species capable of vigorous 

growth under cold conditions, although full establishment and expansion may occur over 

several growing seasons. Cyperus alternifolius, which is typically associated with warmer 

climates, may exhibit faster growth rates under optimal conditions but may be less well 

adapted to colder environments.  

Overall, plant growth rate and seasonal production are critical factors influencing PFAS 

removal. Faster-growing species with high biomass production are generally preferred in 

phytofiltration systems, as they enhance contaminant uptake and accumulation (Hinzke et al., 

2021, pp. 4-5). Therefore, species selection for Swedish CWs should prioritize plants that 

combine relatively rapid growth during the growing season with strong adaptation to local 

climatic conditions.  
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2.3.2 Short-chain PFAS 

The lower removal efficiency for short-chain PFAS reflects their fundamentally different 

physicochemical behaviour. This increased mobility reduces the effectiveness of removal 

processes based on sorption and plant uptake which explains the lower removal efficiencies 

observed in phytofiltration systems.  

Another important factor influencing removal is the bioaccumulation behaviour of PFAS 

compounds, commonly described using the bioaccumulation factor (BCF). BCF represents the 

ratio between the concentration of a compound in plant tissue and its concentration in the 

surrounding water. It reflects the plant´s relative uptake and retention capacity (Huang et al., 

2021, pp. 3-4). Long-chain PFAS generally have higher BCF in plants and other organisms, 

which means that they are more readily retained in biological tissues once absorbed.  

According to Zhao et al. (2025, pp. 4–6), PFAS uptake in aquatic plants occurs primarily 

through the root system, where contaminants are retained in root tissues through sorption to 

cell walls and membrane structures. Long-chain PFAS have stronger affinity for these 

biological components, which means they tend to accumulate more efficiently in plant roots 

compared with short-chain PFAS. 

The species ranking shifts for short-chain PFAS removal. Cyperus alternifolius, Carex 

rostrata, and Eriophorum angustifolium are illustrated in Figure 6. Among the studied plants, 

Carex rostrata shows the highest removal efficiency at 27% (Greger & Landberg, 2024). The 

second highest removal efficiency is observed for Cyperus alternifolius at a removal efficiency 

of approximately 21 % (Zhao et al., 2025, pp. 4-5). The removal efficiency was derived from 

studies on the Cyperus genus because of limited literature addressing short-chain PFAS 

removal for the individual plant. The result indicates moderate uptake potential of short-chain 

PFAS. Species within the Cyperus genus are widely used in constructed wetlands due to their 

high growth rate and large biomass production (Zhao et al., 2025, pp. 4–5).  

Eriophorum angustifolium demonstrates the lowest removal efficiency among these three 

plants, at approximately 12 % (Greger & Landberg, 2024, p. 4). The low performance may 

indicate that the plant has a reduced capacity to accumulate short-chain PFAS. This is because 

short-chain PFAS have higher water solubility and lower sorption affinity to plant tissues. This 

shows that Carex rostrata has a relatively strong capacity to retain or accumulate short-chain 

PFAS compared with Cyperus alternifolius and Eriophorum angustifolium. However, the 

relatively low removal efficiency of these three plants highlights the challenges of removing 

short-chain PFAS in municipal wastewater. Compared with long-chain PFAS, short-chain 

PFAS such as PFHxA and PFBS are more persistent in the water and more mobile, therefore 

more difficult to capture through plant uptake mechanisms. The results for these three plants 
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require stricter selection of plants in determining the effectiveness of phytofiltration systems 

for short-chain PFAS removal. 

 

 

Figure 6. An illustrated bar-graph of aquatic emergent plants and comparison of their removal 
efficiency of short-chain PFAS. 

 

High concentration levels of short-chain PFAS have been shown to be toxic to the plant roots 

and soil microbial populations. Higher levels of short-chain PFAS cause a reduction in plant 

growth and reduce the removal efficiency of nutrients in wetlands (Sima & Jaffe, 2021, p. 8).  

Most of the ∑PFAS removal in wetland systems occurs through combined plant, sediment, and 

microbial interactions rather than plant uptake alone (Sima & Jaffe, 2021, p. 8). 
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3 METHODOLOGY 

3.1 Literature review 

The thesis is a systematic, quantitative state-of-the-art literature review that summarizes the 

most influential studies from the past 10 years. Systematic literature reviews reduce a large 

scale of research into more relevant key findings. It identifies the most technically advanced 

methods, discusses methodological limitations, and highlights research gaps. Following this 

step, the identification of research questions within the field of phytoremediation in municipal 

wastewater in Sweden was initiated. This step is the most important, because the thesis is 

based on these questions (Papadopulos & Rheeder, 2000, p. 4). 

3.1.1 Search strategy 

Keywords such as PFAS, phytoremediation, phytofiltration, aquatic plants, aquatic plant 

species, water, wastewater, and Sweden were used. The literature search was conducted using 

defined search strings combining keywords with Boolean operators. Examples of search strings 

include “PFAS AND phytoremediation AND wastewater”, “PFAS AND constructed wetlands 

AND aquatic plants”, and “PFAS AND phytofiltration AND wastewater treatment AND plants”. 

These combinations were used to ensure a comprehensive and structured identification of 

relevant studies.  

The literature search revealed the relative emphasis on terrestrial versus aquatic plants. The 

literature search identified 660 peer-reviewed articles focusing on PFAS in terrestrial plant 

systems and 568 articles on aquatic plant systems over the past ten years. The findings are 

presented in Figure 7. The slightly higher number of terrestrial studies reflects the growing 

concern regarding PFAS accumulation in agricultural soils and crop uptake, particularly in 

relation to food safety. However, the substantial number of studies on aquatic plants highlights 

the increasing research interest in water-based remediation strategies such as constructed 

wetlands and phytofiltration. 
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Figure 7. Distribution of peer-reviewed articles on PFAS in aquatic plants and terrestrial plants. 

 

The systematic literature search was conducted using the databases Scopus and ScienceDirect. 

Scopus was preferred because it offers multiple search fields for keywords, as well as inclusion 

criteria and exclusion criteria. Inclusion and exclusion criteria are an excellent way to find the 

most relevant peer-reviewed articles. Scopus is an excellent choice for systematic literature 

review. ScienceDirect does not provide the same level of search filtering, which made it more 

difficult to manage and refine relevant search articles and journals. 

3.1.2 Selection process 

Relevant articles were identified through screening of titles and abstracts to assess their 

relevance to the scope of the study. A selection of relevant studies was then made, followed by 

a full-text review of the most relevant articles. Data extraction was conducted focusing on key 

findings, methods, phytoremediation processes, plant species, and PFAS types. After that step, 

synthesis and analysis of data occurred to prevent bias. Subsequently, the interpretation and 

discussion of results were initiated. The systematic quantitative literature review process is 

illustrated in Figure 8.  
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Figure 8. Flow-chart of systematic quantitative literature review process (source: Self-made). 
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3.2 Modelling of PFAS removal in Constructed wetland 

3.2.1 Modelling objective 

The objective of the modelling approach is to provide a quantitative framework for evaluating 

the PFAS removal potential of selected aquatic emergent plant species under conditions 

representative of Swedish CWs. By developing a dynamic mass balance model with a capacity-

limited plant uptake term, this thesis aims to simulate temporal variations in PFAS 

concentrations during the active growing season and to compare the relative removal 

efficiencies of different plant species based on literature-derived uptake parameters.  

The deliverables of the model are: 

• Identify which species demonstrate the highest PFAS uptake efficiency for long-chain 

and short-chain PFAS. 

• Estimate the extent of removal achievable through phytofiltration alone under the 

modelled conditions. 

• Assess how plant uptake capacity and hydraulic retention time (HRT) influence 

 treatment performance and the timing of saturation. 

 

These outputs provide insights into the feasibility of integrating phytofiltration into existing 

wastewater treatment systems. 

3.2.2 Model development 

A dynamic model was developed to evaluate the potential of aquatic emergent plants to remove 

long-chain and short-chain PFAS from wastewater in a CW. The model employs a comparative 

approach that evaluates the relative PFAS removal efficiency of selected species, with removal 

parameters derived from peer-reviewed literature.  

The model assumes that PFAS concentrations decrease over time due to plant uptake within 

the CW. To represent the finite nature of plant uptake capacity, a capacity-limited formulation 

was adopted. This approach was informed by phytoremediation modelling concepts from the 

broader literature, where the adsorption capacity (qe) represents the maximum contaminant 

mass that can be retained per unit plant biomass (Huang et al., 2021, pp 3–5; Zhang et al., 

2020, pp. 2–3). The governing equations describe a completely mixed reactor (CSTR) with a 

plant uptake term that decreases as cumulative uptake approaches the maximum capacity 

(Qmax). This formulation results in a coupled nonlinear system of ordinary differential 
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equations (ODE) that cannot be solved analytically, which provides the methodological 

justification for numerical simulation.  

Three emergent aquatic plant species were selected based on reported PFAS uptake potential 

in aquatic environments (Greger and Landberg, 2024, pp. 4–6; Zhao et al., 2025, pp. 4–5):  

• Carex rostrata with — approximately 83% removal efficiency for long-chain PFAS 

• Cyperus alternifolius — approximately 95% removal efficiency for long-chain PFAS 

• Eriophorum angustifolium — approximately 61% removal efficiency for long-chain 

PFAS. 

Corresponding removal efficiencies for short-chain PFAS were lower: 27% (C. rostrata), 21% 

(C. alternifolius), and 12% (E. angustifolium). 

The mathematical model was implemented in MATLAB (see Appendix 2) to simulate PFAS 

concentration dynamics within the CW throughout the 24-week active growing season (April–

September).  

The model tracks two state variables: the water-phase PFAS concentration C(t) and the 

cumulative PFAS mass absorbed by plants Q(t). simulations were conducted separately for 

each plant species and for both long- and short-chain PFAS groups. A sensitivity analysis was 

performed by varying Qmax (±50%) and kU (±20%) to evaluate the influence of parameter 

uncertainty on model outputs.  

3.2.3 System description 

The CW was modelled as a free-water-surface (FWS) system with a volume of 16,000 m3 and 

a constant flow rate of 800 m3/day, resulting in a hydraulic retention time of 20 days. The 

water depth was set to 0.4 m, consistent with typical FWS CW design for aquatic emergent 

systems (Zhao et al., 2020, p. 105), corresponding to a surface area of 40,000 m2. FWS CWs of 

comparable scale have been implemented for wastewater polishing treatment in Northern 

Europe (Lavrnic et al., 2020, p. 2). The HRT of 20 days falls within the range reported for FWS 

CWs (Baldovi et al., 2021, p. 2; Zhao et al., 2020, p. 105).  

The model is illustrated in Figure 9, where the constructed wetland is represented as the 

system and its boundaries are defined as follows: 

• Influent wastewater entering the wetland at a constant flow rate. 

• Constructed wetland volume where PFAS removal occurs. 

• The constructed wetland is only modelled for the first section which receives the 

wastewater effluent. 
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• Effluent leaving the constructed wetland. 

 

PFAS removal within the system occurs through plant uptake mechanisms. 

 

 

 

 

 

Figure 9. Illustration of the constructed wetland and system boundaries. 

 

3.2.4 Model assumptions and limitations 

A capacity-limited modelling approach was adopted to represent the finite nature of plant 

uptake, informed by adsorption capacity concepts from phytoremediation literature (Huang, 

et al., 2021, pp. 3–5; Zhang et al., 2020, pp. 2–4). The objective of this thesis was to compare 

the relative PFAS uptake performance of different aquatic plant species rather than to 

reproduce the detailed hydraulics of a specific CW. Therefore, a CSTR model was considered 

appropriate because it provides a simplified but robust framework for evaluating plant 

performance under consistent hydraulic conditions.  

 

Assumptions:  

The following assumptions were made to simplify the model while maintaining relevance to 

Swedish CWs. 

• The CWs was represented as a single completely mixed reactor (CSTR), meaning 

PFAS concentrations are assumed to be uniform throughout the system at any given 

time. This simplification enables the comparative evaluation of plant species 

performance without introducing spatial complexity.  

• V= 16,000 m3. The volume of the CW is constant throughout the simulation, 

assuming no significant water loss through evapotranspiration or infiltration and no 

volume changes due to precipitation. 

Constructed 

Wetland 

(CW) 

conc 

Influent 

800 m3 

 

Effluent 

800 m3 
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• F= 800 m3/day, representing the steady-state hydraulic conditions. This flow rate is 

representative of a small-to-medium municipal CW and was selected to provide a 

realistic but simplified operational scenario. 

• Hydraulic retention time, τ =V/F = 20 days. This value falls within the range 

commonly reported for free-water-surface CW treating municipal wastewater 

(Baldovi et al., 2021, p. 2; Zhao et al., 2020, p. 105). 

• Cin= 500 ng/L, selected as an elevated modelling concentration based on values 

reported by Ferro et al. (2021, p. 4).  This value represents a conservative modelling 

scenario rather than a typical concentration in Swedish municipal wastewater, where 

lower concentrations have been reported.  The same influent concentration was 

applied to both long- and short-chain PFAS groups to allow direct comparison of their 

modelled removal. 

• PFAS compounds were grouped into two categories (long-chain and short-chain 

PFAS) due to limited availability of compound-specific uptake data. Long-chain PFAS 

was represented by PFOA/PFOS; short-chain PFAS were represented by 

PFHxA/PFBS. 

• A combined (above- and below-ground) biomass density of 1,000 g DW/M2 was 

adopted for all three species, based on published values for emergent wetland 

communities (Barco et al., 2021, pp. 1–2, 7–9; Silan et al., 2024, p. 5; Qadiri et al., 

2021, pp. 1, 5) 

• Qmax was estimated indirectly from literature removal efficiencies for two of the three 

species (Table 8). 

• The model simulates the 24-week active growing season (April-September) under 

Swedish climatic conditions. 

• Temperature-dependent kinetics were excluded to reduce model complexity. 

• Only freshwater enters the CW, consistent with Swedish municipal wastewater 

treatment systems. 

 

Limitations: 

• The model was not validated against independent experimental or field data. 

• Spatial variability within the wetland was not considered. 

• The qe values were derived indirectly from removal efficiency data, not from direct 

measurements of plant tissue concentrations. 

• The kU derivation assumes that literature-reported removal efficiencies correspond to 

steady-state CSTR conditions, which may not match the original experimental 

configurations. 
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• Species-specific differences in biomass production were not accounted for. 

• Sediment adsorption was excluded because no PFAS-specific first-order rate constants 

for CW substrates were identified in the literature. 

• PFAS degradation and precursor transformation processes were assumed to be 

negligible. 

• A species-specific plant uptake capacity could not be derived for Cyperus alternifolius. 

Cyperus alternifolius was evaluated only in the uncapacitated limiting case and was 

excluded from the capacity and Qmax sensitivity analysis.  

 

These limitations mean that model outputs should be interpreted as relative comparisons 

between plant species and PFAS groups rather than absolute predictions of treatment 

performance. 

 

3.2.5 Modelling equations 

 

Conceptual basis from phytoremediation modelling 

To develop a modelling framework that captures the finite nature of plant uptake capacity, this 

thesis draws on established concepts from contaminant removal modelling in 

phytoremediation systems. Two foundational relationships were identified from the broader 

phytoremediation literature, including studies on heavy metal removal by aquatic plants.  

The first is the adsorption capacity, which quantifies the maximum mass of contaminant 

retained per unit mass of plant biomass at equilibrium (Huang et al., 2021, pp 3–5.). in batch 

phytoremediation experiments, this is expressed as: 

qe = (C0-Ce) * V / m Equation 1 

Where qe is the equilibrium adsorption capacity (ng/g), C0 is the initial contaminant 

concentration (ng/L), Ce is the equilibrium concentration after plant exposure (ng/L), V is the 

water volume (L), and m is the plant dry mass (g).  

The second is the removal efficiency, which relates the initial and residual contaminant 

concentrations in the aqueous phase: 
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%R = (C0-Ce) / C0 * 100 
 

Equation 2 

 

This can be rearranged to estimate the equilibrium concentration from known removal 

efficiency: 

Ce = C0 * (1 - R / 100) 
 

Equation 3 

 

In conventional batch phytoremediation studies, these equations are applied directly to closed 

systems where a known mass of plant biomass is in the contact with a fixed volume of water 

until equilibrium is reached (Zhang et al., 2020, pp. 4–6). In the present thesis, however, the 

CW is modelled as a continuous-flow system with constant inflow and outflow. Equations 1-3 

were therefore not used as governing dynamic equations. Instead, the adsorption capacity 

concept (Equation 1) was adapted to define a maximum plant uptake capacity (Qmax) for the 

wetland system. The removal efficiency relationship (Equation 2-3) was used to derive the 

plant uptake rate constant (kU), as described in the following sections. This approach bridges 

the batch-derived literature data with the continuous-flow modelling framework used in this 

thesis.  

 

Maximum plant uptake capacity 

A key limitation of the original model was the absence of a capacity constraint on plant uptake. 

In reality, plant tissues have a finite ability to accumulate contaminants, a principle well 

established in the phytoremediation literature (Huang et al., 2021, pp. 3–5; Zhang et al, 

2020, pp. 4–6). To represent this, the concept of adsorption capacity (qe) from batch studies 

was adapted for the continuous-flow wetland model by defining a total maximum plant uptake 

capacity: 

Qmax = qe * mtotal 

 

Where Qmax is the maximum cumulative PFAS mass that can be absorbed by the total plant 

biomass in the CW (ng), qe is the adsorption capacity per unit plant dry biomass (ng/g DW), 

and mtotal is the total plant dry biomass present in the CW (g).  

 

 

   Equation 4 
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Estimation of qe from literature data    

Direct measurements of PFAS adsorption capacity (qe) expressed in ng/g dry weight for the 

selected plant species are not consistently reported in the literature. Therefore, qe was 

estimated from the experimental conditions described by Greger and Landberg (2024). In their 

study, individual plants were exposed to PFAS-contaminated lake water with total PFAS 

concentration of 64,100 ng/L for a period of 96 hours. Each plant was grown in a container 

with approximately 0.5 L water. The reported removal efficiencies for each species and PFAS 

group were used to estimate Ce using Equation 3, and qe was subsequently calculated using 

Equation 1.  

An average individual plant fresh weight of approximately 15 g was assumed based on the 

experimental description of small potted emergent wetland plants, corresponding to 

approximately 3 g dry weight per plant. The fresh-to-dry-weight ratio 5:1 is consistent with 

values commonly reported for herbaceous wetland species (Barco et al., 2021, pp. 7–9). A 

species-specific qe and Qmax could not be estimated for Cyperus alternifolius because the 

literature-derived removal efficiency originated from a different experimental system for 

which directly comparable biomass and exposure conditions were unavailable. Therefore, the 

Greger and Landberg (2024) experimental conditions were not applied to Cyperus 

alternifolius. This limitation does not affect the literature-derived KU comparison but prevents 

a defensible species-specific capacity estimate för Cyperus alternifolius. Table 7 presents the 

estimated qe values for each species and PFAS group. 

 

Table 7. Estimated adsorption capacity (qe) for each plant species and PFAS group. Values 
for Carex rostrata and Eriophorum angustifolium were derived from removal efficiencies 
reported by Greger and Landberg (2024). Capacity estimation was not possible for Cyperus 
alternifolius, whose removal efficiencies originate from Zhao et al. (2025). 

Plant species PFAS 

group 

Literature 

removal 

efficiency (%) 

Estimated Ce 

(ng/L) 

Estimated qe 

(ng/g DW) 

Carex rostrata Long-chain 83 10,897 8,867 

Cyperus 

alternifolius 

Long-chain 95 N/A N/A 

Eriophorum 

angustifolium 

Long-chain 61 24,999 6,517 

Carex rostrata Short-chain 27 46,793 2,885 

Cyperus 

alternifolius 

Short-chain 21 N/A N/A 
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Eriophorum 

angustifolium 

Short-chain 12 56,408 1,282 

 

These qe values represent estimated apparent adsorption capacities derived indirectly from 

literature removal data under controlled laboratory conditions. They should be interpreted as 

order-of-magnitude estimates rather than precise intrinsic sorption parameters. The 

estimation assumes that the reported removal efficiencies correspond to near-equilibrium 

conditions under 96-hour exposure period described by Greger and Landberg (2024). 

 

Estimation of total plant biomass (mtotal) 

The total plant dry biomass in the CW was estimated from published biomass densities for 

emergent wetland species. Barco et al. (2021, pp. 1–2, 7–9) reported above-mat biomass 

production values ranging from 46.7 to 1,466.0 DW/m2 across five emergent species in 

treatment wetlands monitored over a decade in Northern Italy, with Carex spp. reaching 

approximately 1,000 g DW/m2 and Typha latifolia producing up to 1,466 g DW/m2. In the 

same study, Carex virgata and Cyperus ustulatus achieved above-mat biomass values of 2,350 

and 1,528 g DW/m2, respectively, in comparable treatment wetland systems. Silan et al. (2024, 

p. 5) measured total (above-and below-ground) Phragmites australis biomass across six 

wetland stations and reported values in the range of 986-6,684 g DW/m2, with the lowest-

productivity site producing approximately 1,000 g DW/m2. Qadiri et al. (2021, pp. 1, 5) 

reported total biomass increments of 1,907 g DW/m2 for Phragmites karka (1,383 g DW/m2 

above-ground, 524 g DW/m2 below-ground) and 2,165 g DW/m2 for Sagittaria latifolia (1,299 

g DW/m2 above-ground, 866 g DW/m2 below-ground) in CWs treating combined municipal 

wastewater. For the purpose of this model, a combined (above- and below-ground) biomass 

density of 1,000 g DW/m2 was adopted as a representative but conservative value for all three 

species. This estimate falls within the lower range of reported values for emergent communities 

and reflects the potentially lower biomass production of boreal sedge species compared to 

warmer-climate aquatic plants. 

The wetland volume of 16,000 m3 was assumed with an average water depth of 0.4 m, 

corresponding to a surface area of 40,000 m2. A water depth of 0.4 m is consistent with typical 

free-water-surface (FWS) CWs designed for emergent aquatic plant systems, where shallow 

water depths of 0.3-0.5 m are recommended to maximize contact between the water column 

and plant root zones (Bydalek et al., 2023, p. 3). FWS CWs of comparable scale have been 

implemented for wastewater polishing treatment in Northern Europe (Lavrnic et al., 2020, p. 

2). The resulting hydraulic retention time of 20 days (τ=V/F=16,000/800) falls within the 
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range commonly reported for FWS CWs treating municipal wastewater (Baldovi et al., 2021, 

p. 2; Zhao et al., 2020, p. 105). Table 8 below presents the resulting Qmax values for each species 

and PFAS group. Accordingly, the total plant biomass was estimated as:  

 

Mtotal = 1,000 g/m2 * 40,000 m2 = 4.0 * 107 g Equation 5 

 

Table 8. Total maximum plant uptake (Qmax) for each species and PFAS group. 

Plant species PFAS 

group 

qe (ng/g DW) Mtotal (g) Qmax (ng) 

Carex rostrata Long-chain 8,867 4.0 * 107 3.55 * 1011 

Cyperus 

alternifolius 

Long-chain – – – 

Eriophorum 

angustifolium 

Long-chain 6,517 4.0 * 107 2.61 * 1011 

Carex rostrata Short-chain 2,885 4.0 * 107 1.15 * 1011 

Cyperus 

alternifolius 

Short-chain – – – 

Eriophorum 

angustifolium 

Short-chain 1,282 4.0 * 107 5.13 * 1010 

 

Derivation of the plant uptake rate constant (kU) 

The plant uptake rate constant (kU) was derived from literature-reported removal efficiencies 

by assuming that these values correspond to steady-state conditions in a completely mixed 

reactor. This derivation is presented here in full to make the relationship between the literature 

data and the model parameter transparent. 

At steady-state, the rate of change of PFAS concentration in the wetland equals to zero 

(dC/dt=0). The mass balance equation (Equation 6, presented below), then reduces to:  

0 = (F / V) * (Cin – Css) - kU * Css   Equation 6 

 

 

Solving for the Steady-state concentration Css: 
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Css = Cin / (1 + kU * τ) Equation 7 

Where τ = V/F is the hydraulic retention time (days). The corresponding removal efficiency at 

steady state is: 

RE = (Cin - Css) / Cin = (kU * τ) / (1+kU * τ) Equation 8 

 

Rearranging Equation 8 for kU: 

kU = RE / [ τ * (1- RE)] Equation 9 

 

The hydraulic retention time (τ) carries the time unit (days), which means kU has units of day-

1. This is how the literature removal efficiencies — which are dimensionless percentages — were 

converted into rate constants with appropriate units for the dynamic simulation.  

It is important to recognise that this derivation involves an assumption: it treats the literature-

reported removal efficiencies as though they were measured under steady-state conditions in 

a CSTR. The original experiment Greger and Landberg (2024) were conducted as batch 

exposures with a finite contact time of 96 hours, not in a continuous-flow system. The derived 

kU values should be interpreted as effective first-order uptake rate constants that approximate 

the reported removal performance within the CSTR framework adopted in this thesis, rather 

than as intrinsic kinetic constants for PFAS uptake by these species. It should therefore be 

emphasized that the model is not intended independently reproduce or validate the literature-

reported removal efficiencies. These efficiencies are used to parameterise the effective plant 

uptake rate constant KU and consequently determine the relative removal performance 

assigned to each species. the dynamic model therefore evaluates temporal PFAS 

concentrations, cumulative plant uptake Q(t), potential capacity limitations Qmax, and 

sensitivity to KU and Qmax. Table 9 presents calculated kU values. 

 

Table 9. Literature-derived PFAS removal efficiencies and calculated plant uptake rate 
constant kU. 

Plant species PFAS group Literature RE (%) Calculated kU (day-1) 

Carex rostrata Long-chain 83 0.2441 

Cyperus 

alternifolius 

Long-chain 95 0.9500 

Eriophorum 

angustifolium 

Long-chain 61 0.0782 

Carex rostrata Short-chain 27 0.0185 
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Cyperus 

alternifolius 

Short-chain 21 0.0133 

Eriophorum 

angustifolium 

Short-chain 12 0.0068 

 

 

Capacity-limited mass balance for the constructed wetland 

The governing equation of the revised model combines the CSTR mass balance with capacity-

limited plant uptake term. This formulation was developed by adapting the concept of finite 

adsorption capacity from the batch phytoremediation literature (Equation 1) to the 

continuous-flow CW framework:  

dC/dt = (F/V) * (Cin-C) – kU * C * (1 - Q(t) / Qmax) Equation 10 

 

The cumulative PFAS mass absorbed by the plant biomass over a time is tracked by a second 

differential equation:  

dQ/dt = kU * C * VL * (1 - Q(t) / Qmax) Equation 11 

 

Where: 
C = PFAS concentration in the CW water phase (ng/L) 
Cin = PFAS concentration in the influent (ng/L) 
F = flow rate (m3/day) 
VL = Volume of the CW expressed in litre, where VL =1000*V when V is given in m3. 
kU = plant uptake rate constant (day-1) 
Q(t) = cumulative PFAS mass absorbed by plants at time t (ng) 
Qmax = maximum total plant uptake capacity (ng) 

 

For Carex rostrata and Eriophorum angustifolium, Equations 10 and 11 were solved in their 

full capacity-limited form using species-specific Qmax values in Table 8. Because a defensible 

Qmax couldn’t be derived for Cyperus alternifolius, this species was simulated using the limiting 

form of the model in which the saturation factor (1-Q(t)/Qmax is set to unity, corresponding to 

Qmax->∞ (Equation 12). The Cyperus alternifolius simulation therefore represents 

uncapacitated first-order uptake, and its cumulative uptake curve is reported without a 

capacity reference. This difference in model form should be considered when comparing 

Cyperus alternifolius with the other two species. 

The term (1-Q(t)/Qmax serves as a saturation factor that progressively reduces the effective 

uptake rate as plants accumulate PFAS. At the start of the growing season, when Q(t) = 0, the 
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uptake rate equals kU * C — identical to standard first-order kinetics. As Q(t) approaches Qmax, 

the uptake rate decreases toward zero, representing the exhaustion of available sorption 

capacity in the plant biomass. This behaviour reflects the physical reality that plant tissues 

cannot accumulate contaminants indefinitely, a principle consistently observed in batch 

phytoremediation studies (Zhang et al., 2020, pp. 4–6; Huang et al., 2021, pp. 3–5). 

This formulation differs from the original model in two important respects: 

1. This system exhibits genuine biological saturation, where plant uptake capacity is 

progressively exhausted over time, rather than simply approaching a hydraulic-kinetic 

steady state.  

2. The governing equations form a coupled nonlinear system of ordinary differential 

equations (ODE) that cannot be solved analytically, which provides the methodological 

justification for using MATLAB as a numerical simulation tool. 

 

Treatment of sediment adsorption 

Sediment adsorption was excluded from the model. A thorough search of the peer reviewed 

literature on ScienceDirect and Scopus did not identify PFAS-specific first-order sediment 

adsorption rate constants (expressed in day-1) for CW substrates. Published studies on PFAS- 

sediment interactions typically report sorption behaviour using partition coefficients (Kd), 

adsorption isotherms (Freundlich or Langmuir parameters), or distribution percentages 

rather than first-order rate constants suitable for direct use in a CSTR model (Zhang et 

al.,2020, pp. 4–6; Sima & Jaffe, 2021, pp. 3–8).  

Rather than adopting an unsupported parameter value, sediment adsorption was omitted to 

ensure that every parameter in the model is traceable to published data. This decision also 

simplifies the model and allows the analysis to focus specifically on plant uptake 

performance, which is the central subject of this thesis. The exclusion of sediment adsorption 

is acknowledged as a limitation and is discussed further in the Discussion section. Future 

work should incorporate experimentally derived sediment sorption parameters when such 

data become available for PFAS in CW substrates.  

 

Analytical solution for the limiting case (model verification) 

When the plant uptake capacity is very large (Qmax ->∞), the saturation factor approaches 

unity and Equation 10 reduces to a constant-coefficient first-order linear ODE: 
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dC/dt = (F/V) * Cin – (F/V + kU) * C   

 

Defining α = F/V + kU, the analytical solution is: 

C(t) = Css + (C0 - Css) * exp (-α * t) Equation 12 
 

 

Where steady state concentration is: 

Css = Cin / (1+ kU * τ)  

 

With the initial condition C(0) = Cin = 500 ng/L, this gives the exponential decay from the 

influent concentration toward the steady-state value, with the rate of approach governed by 

α. This analytical solution was used to verify the MATLAB numerical solver: When Qmax was 

set to a very large value, the numerical output converged to Equation 12, confirming that the 

code implementation is correct. 

The analytical solution also illustrates how the model parameters influence the system 

behaviour. The steady-state concentration Css depends only on kU and τ: higher uptake rates 

and longer retention times both lead to lower steady-state concentrations. The rate at which 

steady state is approached is determined by α, which combines the hydraulic flushing rate 

(F/V) and the plant uptake rate.  

 

Hydraulic retention time 

τ = V/F 

 
 

Equation 13 

Based on the assumed CW volume of 16,000 m3 and flow rate of 800 m3/day, the hydraulic 

retention time is 20 days. It should be noted that τ defines the average contact time between 

PFAS-containing water and CW system. The actual rate of PFAS removal depends on the 

uptake rate constant kU and the remaining plant uptake capacity, as described by Equations 

10 and 11. 

 

 

 



36 

Removal efficiency 

The overall removal efficiency at any time t was calculated from the simulated water-phase 

concentration: 

RE(t) = (Cin - C(t)) / Cin * 100% 

 
 
 

Equation 14 

 

Sensitivity analysis 

Because Qmax was estimated indirectly from literature removal data and involves assumptions 

about plant biomass density and adsorption capacity, a sensitivity analysis was performed to 

evaluate how uncertainty in this parameter affects the model outputs. The model was run 

with Qmax was varies ±50% from the base-case value (i.e., 0.5 * Qmax, 1.0 * Qmax, and 1.5 * 

Qmax) to assess the influence of plant capacity on the timing and extent of saturation. This 

analysis provides an indication of how sensitive the model conclusions are to the parameter 

assumptions and helps identify which parameters most strongly influence the predicted 

PFAS removal behaviour.  

 

Numerical solution 

Equations 10 and 11 were solved numerically in MATLAB using the ode45 solver, which 

implements an explicit Runge-Kutta (4,5) method suitable for non-stiff ODE (see Appendix 2 

for the complete MATLAB code). The coupled nonlinear ODE system was simulated over the 

24-week growing season (168 days) for each plant species and PFAS group.  

4 RESULTS AND DISCUSSION 

4.1 Phytofiltration of long- and short-chain PFAS in municipal wastewater 

PFAS removal in CWs treating wastewater is achieved through multiple interacting 

mechanisms rather than plant uptake alone. The removal process involves a combination of 

plant uptake, sediment adsorption to wetland substrates, and microbial activity within the 
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rhizosphere. Understanding how these mechanisms function individually and collectively is 

essential for evaluating the potential and limitations of phytofiltration.  

Dissolved PFAS are absorbed by plant roots and subsequently transported to stems and leaves, 

where they accumulate in varying concentrations. As described in Section 2.2, uptake can occur 

via passive diffusion for small, mobile compounds (primarily short-chain PFAS) or through 

active transport involving aquaporins and ion channels for selective uptake. Passive diffusion 

is more relevant for short-chain PFAS, while active transport can facilitate uptake of both types 

depending on plant physiological characteristics. 

According to Wang et al. (2020), PFAS accumulation often occurs primarily in the roots of the 

plant because roots are in direct contact with contaminated water and sediments. Plant roots 

can also support microbial species in the rhizosphere, which may influence PFAS properties 

and retention within CWs. 

The chemical structure of long-chain and short-chain PFAS plays a major role in determining 

the efficiency of phytofiltration. The representative long-chain PFAS group exhibited higher 

simulated removal efficiencies than the representative short-chain PFAS group. It is consistent 

with published studies reporting stronger sorption of long-chain PFAS to plant tissues and 

wetland substrates. These characteristics promote stronger sorption to organic matter, plant 

tissues, and wetland substrates. This may lead to greater accumulation within the plant 

biomass and sediment (Zhang et al., 2019, p. 7). Short-chain PFAS, such as PFHxA and PFBS, 

are generally more water-soluble and therefore remain more mobile in aquatic environments. 

As a result, they tend to remain in the water column and are less likely to accumulate in plant 

tissues, which reduces their removal efficiency through phytofiltration (Gobelius et al., 2017, 

p. 7). 

Plant species selection is another important factor influencing PFAS removal in CWs. Aquatic 

emergent plants with extensive roots and high biomass production often show higher 

contaminant uptake potential. Larger roots increase the surface area between plant tissues and 

contaminated water, which may enhance both sorption and uptake processes (Greger & 

Landberg, 2024, p. 6). Several studies have highlighted wetland plants such as Carex rostrata, 

Cyperus alternifolius as species capable of accumulating PFAS in plant tissues and being the 

most effective for PFAS removal (Greger & Landberg, 2024, pp. 4-6; Zhao et al., 2025, p. 4). 

A limitation that should be considered is the relatively low removal efficiency observed for 

short-chain PFAS. Because these compounds are more mobile and less likely to sorb to plant 

tissues or sediments, they are more difficult to remove using nature-based treatment systems 

alone. This suggests that phytofiltration may be more suitable as a supplementary treatment 

step rather than a standalone solution for PFAS removal in municipal wastewater systems.  
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The modelling results presented in Section 4.3 show the same overall trend, with the 

representative long-chain PFAS group exhibiting higher simulated removal efficiency and 

accumulation than the representative short-chain PFAS group. This comparison is based on 

literature-derived uptake parameters assigned to the two PFAS groups rather than on 

simulations of individual PFAS compounds. The results are therefore intended to compare the 

relative behaviour of long- and short-chain PFAS, rather than predict the fate of specific PFAS 

compounds. This behaviour is consistent with previous studies reporting stronger sorption of 

long-chain PFAS to plant tissues and wetland substrates (Gobelius et al., 2017, p. 7; Zhang et 

al., 2020, p. 4). 

Climatic conditions in Sweden may influence the performance of phytofiltration systems. 

Constructed wetlands in northern climates experience strong seasonal variation in 

temperature and plant growth. During the growing season, aquatic emergent plants develop 

higher biomass and root activity, which may enhance PFAS uptake and rhizosphere processes. 

However, during colder periods, plant activity decreases, which may reduce the contribution 

of plant-based removal processes. As a result, PFAS removal in Swedish constructed wetlands 

may vary seasonally, with higher uptake potential during warmer months when plant growth 

is more active.  

4.2 MATLAB modelling and comparison of long- and short-chain PFAS 

accumulation in emergent aquatic plant species 

The capacity-limited dynamic CSTR model described in Section 3.2.5 was implemented in 

MATLAB to simulate PFAS removal over the 24-week growing season (April–September). As 

described in the methodology, the model solves a coupled system of two ordinary differential 

equations: Equation 10 governs the water-phase PFAS concentration C(t), and Equation 11 

tracks the cumulative PFAS mass absorbed by plants Q(t). The plant uptake rate constants kU 

were derived from literature removal efficiencies using the steady-state relationship 

(Equation 9, Section 3.2.5), and the maximum plant uptake capacity Qmax was estimated from 

the adsorption capacity concepts (Equation 1 and 4) applied to the experimental data of 

Greger and Landberg (2024). The system parameters — wetland volume (V=16,000 m3), flow 

rate (F=800 m3/day), hydraulic retention time (τ =20 days), and influent PFAS 

concentration (Cin=500 ng/L) — were selected as described in Section 3.2.4. To verify the 

numerical solver, each simulation was compared against the analytical solution for the 

limiting case without capacity constraint (Equation 12). The results presented below should 

be interpreted considering the assumptions and limitations described in section 3.2.4. The 

three emergent aquatic plant species evaluated — Carex rostrata, Cyperus alternifolius, and 
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Eriophorum angustifolium — were selected based on the literature review (Chapter 2) and 

their reported PFAS uptake potential (Greger and Landberg, 2024; Zhao et al., 2025). Results 

are presented in three types of figures for each species: (1) water-phase PFAS concentration 

C(t) over time, with the analytical verification solution (Equation 12) overlaid; (2) PFAS 

concentration reduction in the water phase (Cin-C(t)); and (3) cumulative PFAS mass 

absorbed by plant biomass Q(t), plotted against the maximum plant uptake capacity Qmax for 

two species (Table 8, Section 3.2.5). 

4.2.1 Overview of results 

Long-chain PFAS were removed substantially more effectively than short-chain PFAS across 

all three species. This difference was consistent and pronounced: long-chain PFAS reached 

steady-state removal efficiencies of 61-95%, while short-chain PFAS achieved only 12-27%. 

This outcome can be explained by the stronger sorption affinity of long-chain PFAS, as their 

greater hydrophobicity and longer perfluoroalkyl chains increase their affinity for matter and 

biological surfaces (Greger & Landberg, 2024, pp 4–6; Zhang et al., 2020, pp. 4–6). 

Among the three species, Cyperus alternifolius exhibited the highest long-chain PFAS removal 

(95%), followed by Carex rostrata (83%), and Eriophorum angustifolium (61%). For short-

chain PFAS, Carex rostrata showed the highest removal efficiency (27%), followed by Cyperus 

alternifolius (21%), and Eriophorum angustifolium (12%). These rankings directly reflect the 

literature-derived uptake rate constants kU. 

For Carex rostrata and Eriophorum angustifolium, cumulative uptake reaches approximately 

16% of the estimated capacity by the end of the season. 

The model was subjected to two verification procedures before results were evaluated. The first 

addressed the accuracy of the numerical solver. When Qmax is set to a large value, the saturation 

term in Equation 11 approaches unity and the system reduces to first-order uptake, for which 

the analytical solution given in Equation 12 applies. Simulations performed under this 

condition reproduced the analytical solution for all three species, confirming that numerical 

scheme solves the governing equations correctly. 

The second procedure addressed mass conservation. Over the 24-week season, the PFAS 

entering the CW, together with the mass initially present in the water, must equal the sum of 

the mass discharged in the outflow, the mass remaining in the water-phase at the end of the 

season, and the cumulative plant uptake Q(t). For every simulation, the amount of PFAS 

entering the CW matched the amount leaving plus the amount stored. That means that no mass 

was created or lost during the calculation. As the water-phase concentration C(t) and the 

cumulative uptake Q(t) are solved as separate state variables, this agreement verifies — the 
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internal consistency of the model formulation. It does not, however, constitute validation of 

the model against measured data, since the uptake parameters remain literature-derived. 

4.2.2 Carex rostrata 

The simulation results for Carex rostrata are presented in Figures 10-12. The water-phase 

concentration of long-chain PFAS decreased rapidly from the initial 500 ng/L to 

approximately 85 ng/L within the first 40 days of the growing season, corresponding to a 

removal efficiency of 83% illustrated in Figure 10. Short-chain PFAS decreased more gradually, 

stabilising at approximately 365 ng/L (27% removal). Both curves reached their steady-state 

values by mid-May and remained stable for the remainder of the growing season.  

 
Figure 10. Water-phase PFAS concentration over the 24-week growing season for Carex rostrata. 

Long-chain PFAS (blue) reach approximately 85 ng/L (83% removal); short-chain PFAS (red) stabilize 

at approximately 365 ng/L (27% removal). 

 

The concentration plot presented in Figure 11 below, shows the same dynamics from a 

complementary perspective. Long-chain PFAS concentration reduction reached 

approximately 415 ng/L, while short-chain PFAS reached approximately 135 ng/L. The rapid 

approach to a plateau in both curves reflects the system reaching dynamic equilibrium, where 

the rate of PFAS entering the wetland via inflow equals the combined rate of outflow and plant 

uptake removal. 
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Figure 11. PFAS concentration reduction in the water phase for Carex rostrata. Long-chain PFAS 
(blue) show a maximum reduction of approximately 415 ng/L; short-chain PFAS (red) show a 

reduction of approximately 135 ng/L. 

 

The cumulative plant uptake presented in Figure 12 shows that Q(t) accumulates steadily 

throughout the growing season. By the end of 24-week simulation, cumulative uptake reaches 

approximately 16% of the estimated maximum plant uptake capacity for both PFAS groups, 

corresponding to Qmax values of 354,687 mg for long-chain and 115,380 mg for short-chain, 

which is presented in Table 8. This indicates that Carex rostrata has sufficient uptake capacity 

for the modelled PFAS loading and would not reach biological saturation within a single 

growing season. The capacity constraint is nonetheless not entirely inactive, and repeated 

seasons without harvesting would progressively reduce the available uptake capacity. 

Among the three species evaluated, Carex rostrata exhibits the highest short-chain PFAS 

removal in the literature data used to parameterise the model (Greger & Landberg, 2024, p. 6). 

This ranking originates from the input parameters rather than from the simulation, the 

following interpretation refers to the underlying experimental observation rather than to a 

model prediction. A possible explanation relates to chain-length-dependent uptake pathways: 

long-chain PFAS bind strongly to root surfaces and root tissues, whereas short-chain PFAS 

being more water-soluble and have less sorption.  
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Figure 12. Cumulative PFAS mass absorbed by Carex rostrata over the growing season. Dashed lines 
indicate the maximum plant uptake capacity (Qmax). Cumulative uptake remains below Qmax throughout 

the growing season. 

 

4.2.3 Cyperus alternifolius 

The simulation results for Cyperus alternifolius are presented in Figures 13-15. This species 

exhibited the most rapid and extensive PFAS removal of the three species evaluated. Long-

chain PFAS concentration dropped from 500 ng/L to approximately 25 ng/L within the first 

15 days of simulation, corresponding to a removal efficiency of 95%, presented in Figure 13. 

This extremely rapid decline reflects the high kU value (0.9500 day-1) derived from the 95% 

removal efficiency reported in the literature. Short-chain PFAS decreased more slowly to 

approximately 395 ng/L (21% removal).  
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Figure 13. Water-phase PFAS concentration over the 24-week growing season for Cyperus 
alternifolius. Long-chain PFAS (blue) reach approximately 25 ng/L (95% removal); short-chain PFAS 

(red) stabilise at approximately 395 ng/L (21% removal). 

 

The concentration reduction plot presented in Figure 14, confirms these values, with long-

chain PFAS reaching approximately 475 ng/L. the long-chain curve is notable for its near-

vertical initial slope, indicating that the majority of removal occurs within the first two weeks 

of the growing season.  

 

Figure 14 . PFAS concentration reduction in the water phase for Cyperus alternifolius. Long-chain 
PFAS (blue) show a maximum reduction of approximately 475 ng/L; short-chain PFAS (red) show a 

reduction of approximately 105 ng/L. 
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The cumulative plant uptake for Cyperus alternifolius is presented in Figure 15. Because a 

species-specific Qmax could not be derived for this species, the curve is shown without a capacity 

reference line and represents uncapacitated cumulative uptake. Uptake increases 

approximately linearly after the first two weeks, once the water-phase concentration has 

reached steady state and the uptake rate becomes proportional to the constant residual 

concentration. Whether this quantity would approach the sorption capacity of the plant 

biomass, it cannot be assessed from the available data, which remains a limitation of the 

Cyperus alternifolius simulation.   

 

Figure 15. Cumulative long- and short-chain PFAS mass assigned to plant uptake by Cyperus 
alternifolius over the 24-week growing season, simulated without a plant uptake capacity constraint. 

 

While Cyperus alternifolius demonstrates the strongest modelled performance for long-chain 

PFAS, it is important to note that this species is tropical in origin and may not be viable for 

year-round outdoor application in Swedish climatic conditions. Its inclusion in this thesis 

serves as a modelling benchmark representing a species with very high reported removal 

efficiency. For practical implementation in Swedish CWs, a cold-adapted species with similarly 

high biomass production and root density, such as Phragmites australis, would be a more 

realistic alternative. The model results for Cyperus alternifolius therefore indicate the upper 

bound of what phytofiltration could achieve with an optimally performing species.  
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4.2.4 Eriophorum angustifolium 

This species exhibited the lowest PFAS removal performance of the three species evaluated. 

Long-chain PFAS concentration decreased from 500 ng/L to approximately 195 ng/L over 

approximately 60 days, corresponding to a removal efficiency of 61%, presented in Figure 16. 

Short-chain PFAS decreased only slightly, stabilising at approximately 440 ng/L (12% 

removal).  

 
Figure 16. Water-phase PFAS concentration over the 24-week growing season for Eriophorum 

angustifolium. Long-chain PFAS (blue) reach approximately 195 ng/L (61% removal); short-chain 
PFAS (red) stabilise at approximately 440 ng/L (12% removal). 

 

The concentration reduction plot presented in Figure 17 shows that long-chain PFAS reached 

a maximum reduction of approximately 305 ng/L, while short-chain PFAS achieved only 

approximately 60 ng/L. compared to the other two species, the approach to steady state is 

noticeably slower for Eriophorum angustifolium, with the long-chain curve reaching its 

plateau around mid-June rather than in April or early May.  
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Figure 17. PFAS concentration reduction in the water phase for Eriophorum angustifolium. Long-chain 
PFAS (blue) show a maximum reduction of approximately 305 ng/L; short-chain PFAS (red) show a 

reduction of approximately 60 ng/L. 

 

The cumulative plant uptake presented in Figure 18, confirms that Q(t) remains far below Qmax 

(260, 673 mg for long-chain; 51, 280 mg for short-chain), with no approach to saturation.  

 

 

Figure 18. Cumulative PFAS mass absorbed by Eriophorum angustifolium over the growing season. 
Dashed lines indicate the maximum plant uptake capacity (Qmax). Cumulative uptake remains below 

Qmax throughout the growing season. 
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The lower performance of Eriophorum angustifolium is consistent with its reported lower 

PFAS removal efficiency in the literature (Greger & Landberg, 2024). This species is native to 

northern European peatlands and is well adapted to Swedish climatic conditions, but its lower 

biomass production and potentially smaller root surface area relative to Carex rostrata and 

Cyperus alternifolius may explain its reduced uptake capacity.  

4.2.5 Discussion of model behaviour and limitations 

The model takes reported uptake potentials from the literature and applies them within a 

standardized framework using identical initial concentrations (500 ng/L), flow rates (800 

m3/day), and wetland volume (16,000 m3). This standardization enables meaningful 

comparison between species under equivalent hydraulic conditions, but it also means that the 

results are only as reliable as the underlying literature values.  

From a methodological perspective, the species ranking produced by the model is not 

independent of the input data – it directly reflects the removal efficiencies reported by Greger 

and Landberg (2024) and Zhao et al. (2025). The model does not independently identify the 

best-performing species, as the differences in performance are based on the literature-derived 

input parameters.  Instead, the model translates the literature-reported removal percentages 

into concentration changes over time and provides a framework that can be updated with field-

validated parameters in future studies. The Q(t) analysis also shows that plant capacity has a 

relatively limited influence under the modelled conditions.  

The representation of the CW as a CSTR assumes that PFAS concentrations are uniform 

throughout the system at any given time. In reality, CWs exhibit spatial heterogeneity with 

concentration gradients from inlet to outlet. The smooth, continuous curves in the simulation 

represent an averaged representation rather than a detailed spatial profile. 

The assumption of isothermal conditions throughout the April–September period is a 

simplification. In reality, Swedish temperatures vary considerably during this period, affecting 

plant growth rates and metabolic activity. Growth and uptake are typically slower in early 

spring and accelerate during warmer summer months. The isothermal assumption therefore 

represents an idealisation that may not fully capture seasonal dynamics in PFAS uptake. 

A key consideration is whether the literature-derived parameters are transferable to Swedish 

conditions. The original studies by Greger and Landberg (2024) were conducted using 

contaminated lake water from Kallinge, Sweden, which provides some confidence in the 

geographic relevance of the data. However, the experimental conditions from the modelled 

continuous-flow scenario (500 ng/L over 168 days), and the kU derivation assumes that batch 
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removal efficiencies correspond to CSTR steady-state performance. This assumption 

introduces uncertainty that should be addressed through future field validation.  

The methodology represents one possible approach to evaluating phytofiltration performance. 

Alternative approaches could include more detailed mechanistic models incorporating 

symplastic and apoplastic transport pathways, or fully empirical approaches based on data 

from operating Swedish treatment wetlands. The literature-based modelling approach adopted 

here represents a compromise between mechanistic detail and practical applicability, given 

that field data from Swedish PFAS phytofiltration systems are currently unavailable.  

4.3 Sensitivity analysis 

A sensitivity analysis was conducted to evaluate how uncertainty in the two key model 

parameters — the maximum plant uptake capacity (Qmax) and the plant uptake rate constant 

kU — affects the simulated PFAS removal performance. Qmax was varied by ±50% from the base-

case value, and kU was varied by ±20%. Both analyses were performed for long-chain PFAS 

only, as this group exhibits the strongest removal response and therefore provides the clearest 

visualisation of parameter sensitivity.  

4.3.1 Sensitivity to Qmax 

The results of the Qmax sensitivity analysis are presented in Figures 19-20 for Carex rostrata 

and Eriophorum angustifolium. A species-specific qe and Qmax could not be estimated for 

Cyperus alternifolius because the literature-derived removal efficiency originated from a 

different experimental system for which directly comparable biomass and exposure conditions 

were unavailable. Therefore, the Greger and Landberg (2024) experimental conditions were 

not applied to Cyperus alternifolius. For both Carex rostrata and Eriophorum angustifolium, 

variation in Qmax has little influence during the initial part of the growing season scenarios, as 

shown by the close gap between the three scenarios. Differences become more apparent later 

in the season, particularly when Qmax is reduced to 0.5*the base-case value. For Carex rostrata, 

the lower Qmax results in a greater decline in concentration reduction towards the end of the 

simulation, while the base-case and 1.5 * Qmax scenarios remain relatively close. A similar 

pattern is observed for Eriophorum angustifolium, although the separation between the 

scenarios is somewhat more pronounced. 

This behaviour can be explained by the capacity term (1-Q(t)/ Qmax) in the uptake equation. At 

the beginning of the simulation, cumulative uptake Q(t) is small relative to Qmax, and the 

capacity term therefore remains close to unity. As PFAS accumulates in the plant 
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compartment, however, the ratio Q(t)/ Qmax increases, and the assumed uptake capacity begins 

to influence the predicted removal. Reducing Qmax therefore produces a stronger capacity 

limitation later in the growing season.  

The results show that the model has some sensitivity to Qmax, particularly when the assumed 

capacity is substantially reduced, but the effect is smaller than the sensitivity observed for KU. 

This suggests that uncertainty in Qmax has a comparatively limited influence on the predicted 

treatment performance under the modelled conditions, whereas accurate estimation of KU 

remains more important. 

 

 

Figure 19. Sensitivity of long-chain PFAS concentration reduction to Qmax variation (±50%) for Carex 
rostrata. Differences between the scenarios become more apparent towards the end of the growing 

season, particularly at 0.5 * Qmax. 
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Figure 20. Sensitivity of long-chain PFAS concentration reduction to Qmax variation (±50%) for 
Eriophorum angustifolium. Lower Qmax results in a greater decline in predicted concentration reduction 

later in the growing season.  

 

4.3.2 Sensitivity to kU 

For Carex rostrata the concentration reduction is presented in Figure 21, a ±20% variation in 

kU resulted in steady-state concentration reductions ranging from approximately 395 ng/L 

(0.8*kU) to approximately 425 ng/L (1.2*kU), compared to the base-case value of 

approximately 415 ng/L. The three curves are visually distinct and maintain their separation 

throughout the growing season. This represents a moderate sensitivity of the predicted PFAS 

removal to uncertainty in KU. 
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Figure 21. Sensitivity of long-chain PFAS concentration reduction to kU (±20%) for Carex rostrata. 
Steady-state values range from approximately 395 to 425 ng/L. 

 

For Cyperus alternifolius, the sensitivity to KU is less pronounced, as shown in Figure 22. The 

three curves are closely spaced near the upper end of the concentration-reduction range, at 

approximately 465–480 ng/L. This behaviour is consistent with the high baseline removal 

efficiency assigned to this species (95%). Because the predicted removal is already close to the 

maximum possible reduction of 500 ng/L, increasing KU produces progressively smaller 

absolute improvements in removal.   

 
Figure 22. Sensitivity of long-chain PFAS concentration reduction to kU (±20%) for Cyperus 
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alternifolius. The curves remain closely spaced because the predicted removal is already near the 
maximum possible concentration reduction. 

 

For Eriophorum angustifolium the sensitivity for kU is presented in Figure 23. The sensitivity 

to kU is the most pronounced of the three species. The steady-state concentration reduction 

varies from approximately 275 ng/L (0.8*kU) to approximately 325 ng/L (1.2*kU), a spread of 

approximately 50 ng/L. Eriophorum angustifolium has a lower baseline long-chain PFAS 

removal efficiency (approximately 61%), variation in kU produces a larger absolute difference 

in predicted concentration reduction than for the other two species.  

The results from the sensitivity analysis indicate that the model predictions are more sensitive 

to variation in kU than to variation in Qmax. Since kU was derived from literature-reported 

removal efficiencies using the steady-state relationship in Equation 9, the model results 

depend on how well these values represent the conditions assumed in this thesis. The ±20% 

variation should therefore be interpreted as a sensitivity range rather than a quantified 

uncertainty interval. Within the tested ranges, KU has a greater influence on the modelled 

results than changes in Qmax, this indicates that obtaining more reliable KU values, from field 

studies under Swedish CW conditions would improve the reliability of future model 

predictions.  

 

 
Figure 23. Sensitivity of long-chain PFAS concentration reduction to kU (±20%) for Eriophorum 
angustifolium. The approximately 50 ng/L difference between the lower and upper KU scenarios 

around the maximum demonstrates a comparatively strong sensitivity to KU. 
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4.3.3 Synthesis and Answers to Research Questions 

By integrating the findings from the literature review, the capacity-limited modelling 

framework (Section 3.2.5), and MATLAB simulations (Section 4.2), the research questions can 

be answered as follows: 

RQ1: How does phytofiltration remove long- and short-chain PFAS from municipal 

wastewater and which emergent aquatic plant species exhibit the highest removal potential? 

The literature review showed that long-chain PFAS have a stronger affinity for plant tissues 

and wetland substrates than short-chain PFAS due to their greater hydrophobicity and longer 

perfluoroalkyl chain length. The MATLAB simulations confirmed this behaviour 

quantitatively: long-chain PFAS removal efficiencies ranged from 61 to 95%, while short-chain 

PFAS removal ranged from 12 to 27%. Among evaluated species, Cyperus alternifolius 

exhibited the highest simulated removal of long-chain PFAS (95%), reaching a steady-state 

water-phase concentration of approximately 25 ng/L. Carex rostrata showed the highest 

removal of short-chain PFAS (27%), stabilising at approximately 365 ng/L. These rankings 

directly reflect the literature-derived uptake rate constants kU used in the model. 

RQ2: how does PFAS accumulation vary among selected emergent aquatic plant species 

under simulated Swedish constructed wetland conditions? 

 The simulations demonstrated clear differences in PFAS removal dynamics among the three 

plant species during the 24-week growing season. Cyperus alternifolius consistently showed 

the most rapid approach to steady state, with long-chain PFAS reaching equilibrium within 

approximately 15 days. Carex rostrata reached steady state within 40 days, while Eriophorum 

angustifolium required approximately 60 days.  

The cumulative uptake analysis showed that Q(t) remained below the estimated Qmax for Carex 

rostrata and Eriophorum angustifolium throughout the 24-week growing season. The 

sensitivity analysis showed that variation in Qmax had a relatively small effect on the predicted 

concentration reduction, while variation in KU produced more pronounced changes. The model 

was therefore more sensitive to KU than to Qmax within the tested parameter ranges. The model 

represents Swedish seasonal conditions through the selected simulation period (April–

September) but does not account for variations in temperature, precipitation, or wastewater 

composition. The result should therefore be interpreted as comparative assessments of species 

performance rather than site-specific predictions. 

RQ3: What are the opportunities and limitations of phytofiltration as a treatment strategy 

for PFAS removal in municipal wastewater, and can it function as a standalone treatment, 

or should it be combined with other treatment technologies?  
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The simulations indicate that phytofiltration can contribute to long-chain PFAS removal, with 

the best-performing species removing up to 95%. Short-chain compounds remained 

considerably lower, ranging from 12 to 27%. Phytofiltration alone is therefore unlikely to 

provide sufficient overall PFAS removal under the modelled conditions. It is better suited as a 

complementary treatment step within a hybrid system, combined with technologies as GAC or 

NF that can target short-chain compounds more effectively.  

5 CONCLUSIONS 

This thesis investigated the potential of phytofiltration for the removal of long-chain and short-

chain PFAS from municipal wastewater using CWs under Swedish conditions. A systematic 

literature review was combined with a capacity-limited dynamic mass balance model 

implemented in MATLAB. The model incorporated a finite plant uptake capacity (Qmax) 

derived from the adsorption capacity concept in the phytoremediation literature and was 

applied to three emergent aquatic plant species: Carex rostrata, Cyperus alternifolius, and 

Eriophorum angustifolium. 

The main findings of this thesis are: 

• Long-chain PFAS are removed substantially more effectively than short-chain PFAS. 

Simulated removal efficiencies ranged from 61 to 95% for long-chain PFAS and from 

12 to 27% for short-chain PFAS, reflecting the stronger sorption affinity of long-chain 

compounds for plant tissues.  

• Cyperus alternifolius exhibited the highest long-chain PFAS removal (95%), while 

Carex rostrata showed the highest short-chain PFAS removal (27%). Eriophorum 

angustifolium exhibited the lowest overall performance. However, Cyperus 

alternifolius is a tropical species and may not be viable for year-round outdoor 

application in Swedish climatic conditions.  

• Under the modelled municipal wastewater conditions, plant uptake capacity was not 

the main factor controlling PFAS removal. Variation in Qmax has little influence during 

the initial part of the growing season. Although reducing Qmax increased the capacity 

limitation later in the season for Carex rostrata and Eriophorum angustifolium.  

• The sensitivity analysis demonstrated that the model was more sensitive to changes in 

the plant uptake rate constant KU than to changes within the tested parameter ranges. 

This indicates that improved estimation and field validation of KU should be 

prioritized in future model development.  
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• Short-chain PFAS remained considerably more difficult to remove than long-chain 

PFAS, with predicted removal efficiencies of only 12–27%. This represents an 

important limitation of phytofiltration and indicates that increasing plant biomass or 

uptake capacity alone is unlikely to provide sufficient removal of short-chain 

compounds.  

 

The model was developed using literature-derived parameters and simplified assumptions, 

including completely mixed hydraulic conditions and isothermal seasonal conditions. The 

results should be interpreted as comparative assessments of species performance under 

standardized conditions rather than precise predictions of real CW behaviour.  

Phytofiltration is unlikely to function as a standalone treatment method for PFAS-

contaminated municipal wastewater but can serve as a valuable complementary treatment 

technology for long-chain PFAS retention within hybrid systems.  

6 SUGGESTIONS FOR FURTHER WORK 

The findings of this thesis highlight several areas where future research could strengthen the 

understanding and practical implementation of phytofiltration for PFAS removal in Swedish 

municipal wastewater systems. The sensitivity analysis identified the plant uptake rate 

constant kU as the parameter with the greatest influence on model predictions. The kU values 

used in this thesis were derived indirectly from batch removal efficiencies reported in the 

literature, using the steady-state CSTR assumption. Future research should prioritize 

obtaining field-validated kU values by measuring PFAS concentrations in water and plant 

tissues over multiple growing seasons in operating Swedish CWs. Such data would allow direct 

calibration of the model and substantially improve the reliability of its predictions.  

Additional aquatic plant species should be investigated, particularly cold-adapted species with 

high biomass production and extensive root systems. While Cyperus alternifolius 

demonstrated the strongest modelled performance for long-chain PFAS, it is a tropical species 

unlikely to survive Swedish winters. Species such as Phragmites australis and Typha latifolia, 

which are already widely established in Swedish CWs, should be evaluated for PFAS uptake 

potential. Research should also focus on identifying species with improved short-chain PFAS 

removal capacity, as this was the weakest aspect of phytofiltration performance across all 

species evaluated.  
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Harvesting strategies should be investigated to optimize long-term PFAS removal. Under the 

modelled conditions, plant uptake capacity had a limited influence during the initial part of 

the growing season, although lower Qmax values increased the capacity limitation later in the 

season for Carex rostrata and Eriophorum angustifolium. End-of-season harvesting before 

winter senescence should be studied to quantify the amount of PFAS removed with the 

harvested biomass and to assess whether unharvested biomass releases PFAS back into the 

water during decomposition.  

Hybrid treatment systems combining phytofiltration with other technologies should be 

explored. The limited short-chain PFAS removal (12–27%) observed in this thesis represents a 

fundamental constraint of phytofiltration as a standalone treatment method. Pilot-scale 

studies evaluating such hybrid configurations under Swedish conditions would be a valuable 

next step toward practical implementation.  

DECLARATION OF AI USE 

AI was used only as a code generation help via Co-pilot. No equations and values were 

generated using AI. They were all done manually. AI was used to support grammar and 
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APPENDIX  1 List of ∑PFAS-21 
 

PFAS group Compound Abbrevation 

Perfluoroalkyl carboxylic 
acids (PFCAs) 

Perfluorobutanoic acid PFBA 

 Perfluoropentanoic acid PFPeA 

 Perfluorohexanoic acid PFHxA 

 Perfluoroheptanoic acid PFHpA 

 Perfluorooctanoic acid PFOA 

 Perfluorononanoic acid PFNA 

 Perfluorodecanoic acid PFDA 

 Perfluoroundecanoic acid PFUnDA 

 Perfluorododecanoic acid PFDoDA 

 Perfluorotridecanoic acid PFTrDA 

Perfluoroalkyl sulfonic 
acids (PFSAs) 

Perfluorobutane sulfonic 
acid 

PFBS 

 Perfluoropentane sulfonic 
acid 

PFPeS 

 Perfluorohexane 
sulfonic acid 

PFHxS 

 Perfluoroheptane 
sulfonic acid 

PFHpS 

 Perfluorooctane sulfonic 
acid 

PFOS 

 Perfluorononane sulfonic 
acid 

PFNS 

 Perfluorodecane 
sulfonic acid 

PFDS 

 Perfluoroundecane 
sulfonic acid 

PFUnDS 

 Perfluorodoecane 
sulfonic acid 

PFDoDS 

 Perfluorotridecane 
sulfonic acid 

PFTrDS 

Fluorotelomer sulfonate Fluorotelomer sulfonic 
acid 

FTS (or FTSA) 

 

  



 

 

APPENDIX  2  MATLAB code used for long- and short-chain PFAS 

%% PFAS Modelling in Constructed Wetland 
% Capacity-Limited Dynamic CSTR Model 
% 
% Carex rostrata and Eriophorum angustifolium: 
%   capacity-limited plant uptake using estimated Qmax. 
% 
% Cyperus alternifolius: 
%   literature-derived kU is retained, but no species-specific Qmax is used 
%   because comparable experimental biomass/exposure conditions are unavailable. 
% 
% Sediment adsorption is excluded (no literature-supported kS available). 
 
clear; clc; close all; 
 
%% ========== SYSTEM PARAMETERS ========== 
 
V     = 16000;      % Wetland volume (m3) 
F     = 800;        % Flow rate (m3/day) 
Cin   = 500;        % Influent PFAS concentration (ng/L) 
t_end = 24 * 7;     % Simulation period: 24 weeks = 168 days 
tau   = V / F;      % Hydraulic retention time = 20 days 
 
%% ========== WETLAND GEOMETRY AND BIOMASS ========== 
 
depth        = 0.4;                     % Average water depth (m) 
area         = V / depth;               % Surface area (m2) = 40,000 m2 
biomass_dens = 1000;                    % Plant biomass density (g DW/m2) 
m_total      = biomass_dens * area;     % Total plant biomass (g DW) = 4.0e7 g 
 
%% ========== PLANT SPECIES AND LITERATURE DATA ========== 
 
species = {'Carex rostrata', 'Cyperus alternifolius', ... 
           'Eriophorum angustifolium'}; 
 
% Literature-derived removal efficiencies 
% Sources: Greger and Landberg (2024); Zhao et al. (2025) 
eff_long  = [0.83, 0.95, 0.61];   % Long-chain PFAS 
eff_short = [0.27, 0.21, 0.12];   % Short-chain PFAS 
 
%% ========== PLANT UPTAKE RATE CONSTANTS (kU) ========== 
 
% Derived from steady-state CSTR assumption (Equation 9): 
% kU = RE / (tau * (1 - RE)) 
 
kU_long  = eff_long  ./ (tau .* (1 - eff_long)); 
kU_short = eff_short ./ (tau .* (1 - eff_short)); 
 
%% ========== ADSORPTION CAPACITY (qe) AND Qmax ========== 
 
% Experimental conditions from Greger and Landberg (2024) 
C0_exp  = 64100;   % ng/L 
V_exp   = 0.5;     % L 
m_plant = 3;       % g DW 
 
% Initialise as NaN because Cyperus capacity cannot be estimated 
qe_long    = NaN(1,3); 
qe_short   = NaN(1,3); 
Qmax_long  = NaN(1,3); 



 

 

Qmax_short = NaN(1,3); 
 
% Greger & Landberg experimental conditions are applied only to: 
% 1 = Carex rostrata 
% 3 = Eriophorum angustifolium 
idx_GL = [1 3]; 
 
Ce_long  = C0_exp .* (1 - eff_long(idx_GL)); 
Ce_short = C0_exp .* (1 - eff_short(idx_GL)); 
 
qe_long(idx_GL) = ... 
    (C0_exp - Ce_long) .* V_exp ./ m_plant; 
 
qe_short(idx_GL) = ... 
    (C0_exp - Ce_short) .* V_exp ./ m_plant; 
 
Qmax_long(idx_GL)  = qe_long(idx_GL) .* m_total; 
Qmax_short(idx_GL) = qe_short(idx_GL) .* m_total; 
 
%% ========== PRINT PARAMETER SUMMARY ========== 
 
fprintf('============================================\n'); 
fprintf('PARAMETER SUMMARY\n'); 
fprintf('============================================\n'); 
 
fprintf('V = %.0f m3, F = %.0f m3/day, tau = %.0f days\n', V, F, tau); 
fprintf('Depth = %.1f m, Area = %.0f m2\n', depth, area); 
fprintf('Biomass density = %.0f g DW/m2, m_total = %.2e g DW\n', ... 
    biomass_dens, m_total); 
fprintf('Cin = %.0f ng/L\n\n', Cin); 
 
for i = 1:length(species) 
 
    fprintf('--- %s ---\n', species{i}); 
 
    if i == 2 
 
        fprintf(['  Long-chain:  RE=%.0f%%  kU=%.4f day^-1  ' ... 
                 'qe=N/A  Qmax=N/A\n'], ... 
                 eff_long(i)*100, kU_long(i)); 
 
        fprintf(['  Short-chain: RE=%.0f%%  kU=%.4f day^-1  ' ... 
                 'qe=N/A  Qmax=N/A\n'], ... 
                 eff_short(i)*100, kU_short(i)); 
 
    else 
 
        fprintf(['  Long-chain:  RE=%.0f%%  kU=%.4f day^-1  ' ... 
                 'qe=%.0f ng/g  Qmax=%.2e ng\n'], ... 
                 eff_long(i)*100, kU_long(i), ... 
                 qe_long(i), Qmax_long(i)); 
 
        fprintf(['  Short-chain: RE=%.0f%%  kU=%.4f day^-1  ' ... 
                 'qe=%.0f ng/g  Qmax=%.2e ng\n'], ... 
                 eff_short(i)*100, kU_short(i), ... 
                 qe_short(i), Qmax_short(i)); 
    end 
end 
 
fprintf('\n'); 



 

 

 
%% ========== ANALYTICAL VERIFICATION (Equation 12) ========== 
 
fprintf('============================================\n'); 
fprintf('ANALYTICAL SOLUTION (Eq. 12) - No capacity limit\n'); 
fprintf('============================================\n'); 
 
for i = 1:length(species) 
 
    alpha_L = F/V + kU_long(i); 
    alpha_S = F/V + kU_short(i); 
 
    Css_L = Cin / (1 + kU_long(i) * tau); 
    Css_S = Cin / (1 + kU_short(i) * tau); 
 
    fprintf('--- %s ---\n', species{i}); 
 
    fprintf('  Long-chain:  alpha=%.4f  Css=%.1f ng/L  RE_ss=%.1f%%\n', ... 
        alpha_L, Css_L, (1-Css_L/Cin)*100); 
 
    fprintf('  Short-chain: alpha=%.4f  Css=%.1f ng/L  RE_ss=%.1f%%\n', ... 
        alpha_S, Css_S, (1-Css_S/Cin)*100); 
end 
 
fprintf('\n'); 
 
%% ========== TIME VECTOR AND DATE AXIS ========== 
 
t_eval    = linspace(0, t_end, 1000); 
startDate = datetime(2026, 4, 1); 
endDate   = startDate + days(t_end); 
 
%% ========== ODE SYSTEMS ========== 
 
% State vector: y = [C; Q] 
% 
% y(1) = C(t): PFAS concentration in water (ng/L) 
% y(2) = Q(t): cumulative PFAS mass assigned to plant uptake (ng) 
% 
% IMPORTANT: 
% C is expressed in ng/L while V is expressed in m3. 
% Therefore, V is multiplied by 1000 L/m3 in dQ/dt. 
 
% Capacity-limited model for Carex and Eriophorum 
 
pfas_ode_capacity = @(t, y, kU_val, Qmax_val) [ 
 
    (F/V)*(Cin - y(1)) ... 
        - kU_val*y(1)*max(0, 1 - y(2)/Qmax_val); 
 
    kU_val*y(1)*V*1000 ... 
        * max(0, 1 - y(2)/Qmax_val) 
 
]; 
 
% No-capacity model for Cyperus 
% Q(t) is still tracked, but no species-specific Qmax is assumed. 
 
pfas_ode_nocapacity = @(t, y, kU_val) [ 
 



 

 

    (F/V)*(Cin - y(1)) - kU_val*y(1); 
 
    kU_val*y(1)*V*1000 
 
]; 
 
%% ========== MAIN SIMULATION ========== 
 
results = struct(); 
 
for i = 1:length(species) 
 
    if i == 2 
 
        % Cyperus alternifolius: 
        % no defensible species-specific Qmax available 
 
        ode_L = @(t, y) ... 
            pfas_ode_nocapacity(t, y, kU_long(i)); 
 
        ode_S = @(t, y) ... 
            pfas_ode_nocapacity(t, y, kU_short(i)); 
 
    else 
 
        % Carex rostrata and Eriophorum angustifolium: 
        % capacity-limited model 
 
        ode_L = @(t, y) ... 
            pfas_ode_capacity(t, y, kU_long(i), Qmax_long(i)); 
 
        ode_S = @(t, y) ... 
            pfas_ode_capacity(t, y, kU_short(i), Qmax_short(i)); 
 
    end 
 
    [t_L, y_L] = ode45(ode_L, t_eval, [Cin; 0]); 
    [t_S, y_S] = ode45(ode_S, t_eval, [Cin; 0]); 
 
    C_long  = y_L(:,1); 
    Q_long  = y_L(:,2); 
 
    C_short = y_S(:,1); 
    Q_short = y_S(:,2); 
 
    % Date vector for plotting 
 
    dates = startDate + days(t_eval); 
 
    % Analytical verification curves (no capacity limit) 
 
    alpha_L = F/V + kU_long(i); 
    alpha_S = F/V + kU_short(i); 
 
    Css_L = Cin / (1 + kU_long(i) * tau); 
    Css_S = Cin / (1 + kU_short(i) * tau); 
 
    C_ana_L = Css_L + ... 
        (Cin - Css_L) .* exp(-alpha_L .* t_eval); 
 



 

 

    C_ana_S = Css_S + ... 
        (Cin - Css_S) .* exp(-alpha_S .* t_eval); 
 
    % Concentration reduction in water phase 
 
    deltaC_long  = Cin - C_long; 
    deltaC_short = Cin - C_short; 
 
    % Store results 
 
    results(i).species = species{i}; 
    results(i).C_long  = C_long; 
    results(i).C_short = C_short; 
    results(i).Q_long  = Q_long; 
    results(i).Q_short = Q_short; 
    results(i).C_ana_L = C_ana_L; 
    results(i).C_ana_S = C_ana_S; 
 
    %% --- FIGURE 1: Water-phase concentration --- 
 
    figure('Position', [100 100 800 500]); 
 
    plot(dates, C_long, 'b-', 'LineWidth', 2.0); hold on; 
    plot(dates, C_short, 'r-', 'LineWidth', 2.0); 
 
    plot(dates, C_ana_L, 'b--', 'LineWidth', 1.0); 
    plot(dates, C_ana_S, 'r--', 'LineWidth', 1.0); 
 
    xlabel('Date (24-week growing season)'); 
    ylabel('PFAS concentration in water phase (ng/L)'); 
 
    title(['Water-Phase PFAS Concentration - ', species{i}]); 
 
    if i == 2 
 
        legend('Long-chain (numerical, no capacity limit)', ... 
               'Short-chain (numerical, no capacity limit)', ... 
               'Long-chain analytical solution', ... 
               'Short-chain analytical solution', ... 
               'Location', 'east'); 
 
    else 
 
        legend('Long-chain (capacity-limited)', ... 
               'Short-chain (capacity-limited)', ... 
               'Long-chain analytical solution (no capacity limit)', ... 
               'Short-chain analytical solution (no capacity limit)', ... 
               'Location', 'east'); 
 
    end 
 
    grid on; 
    xtickformat('MMM'); 
 
    xlim([startDate endDate]); 
    ylim([0 Cin*1.05]); 
 
    %% --- FIGURE 2: Concentration reduction --- 
 
    figure('Position', [100 100 800 500]); 



 

 

 
    plot(dates, deltaC_long, 'b-', 'LineWidth', 2.5); hold on; 
    plot(dates, deltaC_short, 'r-', 'LineWidth', 2.5); 
 
    xlabel('Date (24-week growing season)'); 
    ylabel('Concentration reduction in water phase (ng/L)'); 
 
    title(['PFAS Concentration Reduction - ', species{i}]); 
 
    legend('Long-chain PFAS', ... 
           'Short-chain PFAS', ... 
           'Location', 'southeast'); 
 
    grid on; 
    xtickformat('MMM'); 
 
    xlim([startDate endDate]); 
 
    %% --- FIGURE 3: Cumulative plant uptake (mass) --- 
 
    figure('Position', [100 100 800 500]); 
 
    plot(dates, Q_long/1e6, 'b-', 'LineWidth', 2.5); hold on; 
    plot(dates, Q_short/1e6, 'r-', 'LineWidth', 2.5); 
 
    xlabel('Date (24-week growing season)'); 
    ylabel('Cumulative PFAS mass assigned to plant uptake (mg)'); 
 
    title(['Cumulative Plant PFAS Uptake - ', species{i}]); 
 
    if i == 2 
 
        % No Qmax line for Cyperus 
 
        legend('Long-chain Q(t)', ... 
               'Short-chain Q(t)', ... 
               'Location', 'east'); 
 
    else 
 
        yline(Qmax_long(i)/1e6, ... 
              'b--', ... 
              'LineWidth', 1.0); 
 
        yline(Qmax_short(i)/1e6, ... 
              'r--', ... 
              'LineWidth', 1.0); 
 
        legend('Long-chain Q(t)', ... 
               'Short-chain Q(t)', ... 
               sprintf('Long-chain Q_{max} = %.1f mg', ... 
                       Qmax_long(i)/1e6), ... 
               sprintf('Short-chain Q_{max} = %.1f mg', ... 
                       Qmax_short(i)/1e6), ... 
               'Location', 'east'); 
 
    end 
 
    grid on; 
    xtickformat('MMM'); 



 

 

 
    xlim([startDate endDate]); 
 
    %% --- Print numerical results --- 
 
    fprintf('--- %s: SIMULATION RESULTS ---\n', species{i}); 
 
    if i == 2 
 
        fprintf(['  Long-chain:  C(end) = %.1f ng/L  RE = %.1f%%  ' ... 
                 'Q(end) = %.1f mg\n'], ... 
                 C_long(end), ... 
                 (1-C_long(end)/Cin)*100, ... 
                 Q_long(end)/1e6); 
 
        fprintf(['  Short-chain: C(end) = %.1f ng/L  RE = %.1f%%  ' ... 
                 'Q(end) = %.1f mg\n'], ... 
                 C_short(end), ... 
                 (1-C_short(end)/Cin)*100, ... 
                 Q_short(end)/1e6); 
 
    else 
 
        fprintf(['  Long-chain:  C(end) = %.1f ng/L  RE = %.1f%%  ' ... 
                 'Q/Qmax = %.1f%%\n'], ... 
                 C_long(end), ... 
                 (1-C_long(end)/Cin)*100, ... 
                 Q_long(end)/Qmax_long(i)*100); 
 
        fprintf(['  Short-chain: C(end) = %.1f ng/L  RE = %.1f%%  ' ... 
                 'Q/Qmax = %.1f%%\n'], ... 
                 C_short(end), ... 
                 (1-C_short(end)/Cin)*100, ... 
                 Q_short(end)/Qmax_short(i)*100); 
 
    end 
 
    fprintf('\n'); 
 
end 
 
%% ========== SENSITIVITY ANALYSIS: Qmax (±50%) ========== 
 
fprintf('============================================\n'); 
fprintf('SENSITIVITY: Qmax variation\n'); 
fprintf('============================================\n'); 
 
Qmax_factors = [0.5, 1.0, 1.5]; 
 
factor_labels = {'0.5x Q_{max}', ... 
                 '1.0x Q_{max} (base)', ... 
                 '1.5x Q_{max}'}; 
 
line_colors = {'r', 'b', [0 0.6 0]}; 
 
% Cyperus is excluded because no defensible Qmax is available 
 
for i = [1 3] 
 
    figure('Position', [100 100 900 500]); 



 

 

 
    for f = 1:length(Qmax_factors) 
 
        Qmax_sens = ... 
            Qmax_long(i) * Qmax_factors(f); 
 
        ode_sens = @(t, y) [ 
 
            (F/V)*(Cin - y(1)) ... 
                - kU_long(i)*y(1) ... 
                * max(0, 1 - y(2)/Qmax_sens); 
 
            kU_long(i)*y(1)*V*1000 ... 
                * max(0, 1 - y(2)/Qmax_sens) 
 
        ]; 
 
        [~, y_sens] = ... 
            ode45(ode_sens, t_eval, [Cin; 0]); 
 
        dates = startDate + days(t_eval); 
 
        plot(dates, ... 
             Cin - y_sens(:,1), ... 
             'Color', line_colors{f}, ... 
             'LineWidth', 2.0); 
 
        hold on; 
 
        fprintf(['  %s - %s: final RE = %.1f%%, ' ... 
                 'Q/Qmax = %.1f%%\n'], ... 
                 species{i}, ... 
                 factor_labels{f}, ... 
                 (1 - y_sens(end,1)/Cin)*100, ... 
                 y_sens(end,2)/Qmax_sens*100); 
 
    end 
 
    xlabel('Date (24-week growing season)'); 
    ylabel('Long-chain PFAS concentration reduction (ng/L)'); 
 
    title(['Sensitivity to Q_{max} - ', ... 
           species{i}, ... 
           ' (Long-chain)']); 
 
    legend(factor_labels, ... 
           'Location', ... 
           'southeast'); 
 
    grid on; 
    xtickformat('MMM'); 
 
    xlim([startDate endDate]); 
 
end 
 
fprintf('\n'); 
 
%% ========== SENSITIVITY ANALYSIS: kU (±20%) ========== 
 



 

 

fprintf('============================================\n'); 
fprintf('SENSITIVITY: kU variation\n'); 
fprintf('============================================\n'); 
 
kU_factors = [0.8, 1.0, 1.2]; 
 
kU_labels = {'0.8x k_U', ... 
             '1.0x k_U (base)', ... 
             '1.2x k_U'}; 
 
for i = 1:length(species) 
 
    figure('Position', [100 100 900 500]); 
 
    for f = 1:length(kU_factors) 
 
        kU_sens = ... 
            kU_long(i) * kU_factors(f); 
 
        if i == 2 
 
            % Cyperus: 
            % kU sensitivity without capacity constraint 
 
            ode_kU = @(t, y) [ 
 
                (F/V)*(Cin - y(1)) ... 
                    - kU_sens*y(1); 
 
                kU_sens*y(1)*V*1000 
 
            ]; 
 
        else 
 
            % Carex and Eriophorum: 
            % capacity-limited kU sensitivity 
 
            ode_kU = @(t, y) [ 
 
                (F/V)*(Cin - y(1)) ... 
                    - kU_sens*y(1) ... 
                    * max(0, 1 - y(2)/Qmax_long(i)); 
 
                kU_sens*y(1)*V*1000 ... 
                    * max(0, 1 - y(2)/Qmax_long(i)) 
 
            ]; 
 
        end 
 
        [~, y_kU] = ... 
            ode45(ode_kU, t_eval, [Cin; 0]); 
 
        dates = ... 
            startDate + days(t_eval); 
 
        plot(dates, ... 
             Cin - y_kU(:,1), ... 
             'Color', line_colors{f}, ... 



 

 

             'LineWidth', 2.0); 
 
        hold on; 
 
        fprintf('  %s - %s: final RE = %.1f%%\n', ... 
            species{i}, ... 
            kU_labels{f}, ... 
            (1 - y_kU(end,1)/Cin)*100); 
 
    end 
 
    xlabel('Date (24-week growing season)'); 
    ylabel('Long-chain PFAS concentration reduction (ng/L)'); 
 
    title(['Sensitivity to k_U - ', ... 
           species{i}, ... 
           ' (Long-chain)']); 
 
    legend(kU_labels, ... 
           'Location', ... 
           'southeast'); 
 
    grid on; 
    xtickformat('MMM'); 
 
    xlim([startDate endDate]); 
 
end 
 
fprintf('\n=== Simulation complete ===\n'); 


